High energy astrophysics is one of the most important and exciting areas of contemporary 
astronomy, involving the most energetic phenomena in the universe. The highly acclaimed 
first and second editions of Professor Longair's series immediately established themselves 
as essential text books on high energy astrophysics. In this third edition, the subject matter 
is brought up to date and consolidated into a single volume covering Galactic, extragalactic 
and cosmological aspects of High Energy Astrophysics. The material is presented in four 
parts. The first provides the necessary astronomical background for understanding the con- 
text of high energy astrophysical phenomena. The second provides a thorough treatment 
the physical processes that govern the behaviour of particles and radiation in astrophysical 
environments such as interstellar gas, neutron stars, and black holes. The third part applies 
these tools to a wide range of high energy astrophysical phenomena in our own Galaxy, 
while the fourth and final part deals with extragalactic and cosmological aspects of high 
energy astrophysics. 

This book assumes that readers have some knowledge of physics and mathematics at 
the undergraduate level, but no prior knowledge of astronomy is required. The new third 
edition of the book covers all aspects of modern high energy astrophysics to the point at 
which the key concerns of current research can be understood. 
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Preface 



Ancient history 

It was a challenge to write this third edition of High Energy Astrophysics. Writing the first 
edition was great fun and that rather slim volume reflected rather closely the lecturing style 
I adopted in presenting high energy astrophysics to final-year undergraduates in the period 
1973-7. Although the material was updated when the manuscript was sent to the press 
in 1980, the book remained in essence a lecture course (Longair, 1981). The reception of 
the book was encouraging and in due course a second edition was needed. The subject 
had advanced so rapidly during the 1980s and early 1990s that the material could not be 
comfortably contained within one volume. The aim was originally to complete the task 
in two volumes, but by the time the Volumes 1 and 2 were completed, I had only reached 
the edge of our own Galaxy (Longair, 1997b,c)f. Volume 3 was begun, but for various 
reasons, was not completed - the whole project was becoming somewhat unwieldy. 

In the meantime, I completed three other major book-writing projects. The first of these 
was a new edition of Theoretical Concepts in Physics (Longair, 2003). Then, I completed 
The Cosmic Century: A History of Astrophysics and Cosmology (Longair, 2006). Finally, 
in 2008, the new edition of Galaxy Formation was published (Longair, 2008). 



The new edition 

Since the second edition of High Energy Astrophysics, many of the subject areas have 
changed out of all recognition and new areas of astrophysical research have been opened 
up, for example, ultra-high energy y-ray astronomy. The publication of Theoretical Con- 
cepts in Physics, The Cosmic Century and Galaxy Formation have made it feasible to 
condense the original plan of a three volume work into a single volume. In reorganising 

f The original volumes of the second edition were first published in 1992 (Volume 1) and 1994 (Volume 2). 
Major revisions and corrections were included in the 1997 reprints of both volumes. I regard the 1997 reissues 
as the definite versions of the second edition. 
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the material, some hard decisions had to be taken, but the convenience of including every- 
thing in one volume is worth the sacrifice of some of the material from the second edition. 
The principal decisions were as follows: 

• Much of the relevant historical material has been included in The Cosmic Century and 
so that material will not be repeated here. I make references to the appropriate sections 
of The Cosmic Century and other historical texts. I do this with considerable reluctance 
since the historical development of High Energy Astrophysics has influenced strongly 
the way in which the astrophysics has developed intellectually. History will not disap- 
pear completely, but it will not be as prominent as in the earlier editions. 

• Much of the necessary material needed to obtain a modern view of galaxies and the large 
scale structure of the Universe is included in Galaxy Formation. In particular, there is 
no need to repeat much of the detailed discussion of galaxies and clusters, or the large 
scale structure and dynamics of the Universe. These topics are, however, central to 
many of the topics in this book and so summaries of the most important topics needed 
to understand the astronomical context of high energy astrophysics are provided in Part 
1. 

• There was a strong emphasis upon the origin of cosmic rays in the first two editions. I 
still consider this to be excellent material, particularly in the area of ultra-high energy 
cosmic rays, but it has been somewhat abbreviated in the new edition. 

• There was also a considerable amount of material on detectors and telescopes in the 
earlier edition. I believe this material is of the greatest interest and importance in un- 
derstanding our ability of make observations in different wavebands. This aspect of the 
subject has been strongly moderated in the new edition. These are fascinating topics, but 
modern telescopes and detectors have become increasingly complex and sophisticated. 
Summaries of a number of important topics in the physics of astronomical detectors and 
telescopes are included as an Appendix. 

• In the second edition, I devoted some space to high energy astrophysics in the Solar 
System. This material has been abbreviated, but important topics such as the diffusion 
of energetic charged particles in the Solar Wind and the acceleration of charged particles 
in solar flares have been preserved. 

• The opportunity has been taken to rationalise the presentation of the physical and astro- 
physical processes so that duplication of material is avoided. 

• The writing has been very considerably tightened up so that the discussion is less dis- 
cursive than in the earlier editions. Again, I regret the necessity of doing this since often 
these asides provide valuable physical insights for the reader new to the subject. 

The aims of the present edition are the same as the earlier editions. A very wide range of 
physical processes relevant for high energy astrophysics is discussed, the emphasis being 
strongly upon the understanding of the underlying physics. I aim to maintain the informal 
style of the earlier editions and have no hesitation about using the first person singular 
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or expressing my personal opinion about the material under discussion. The emphasis is 
strongly upon physical principles and the discussion of general results rather than particular 
models which may have only ephemeral appeal. 

As I learned during the writing of The Cosmic Century, physics and astrophysics have 
a symbiotic relation. On the one hand, the astrophysical sciences are concerned with the 
application of the laws of physics to phenomena on a large-scale in a Universe. On the other 
hand, new laws of physics are discovered and tested through astronomical observations 
and their astrophysical interpretation. In these ways, the new astrophysics, of which high 
energy astrophysics is one of the most important ingredients, is just as much a part of 
modern physics as laboratory physics. 

Although there is limited scope for deviation from the central theme in this new edition, 
one of my original aims was to give the reader a feeling of what it is like to undertake 
research at the limits of present understanding. Astrophysics is fortunate in that many of 
the fundamental problems can be understood without a great deal of new physics or new 
physical concepts. Thus, the text may also be considered as introduction to the way in 
which research is carried out in the astrophysical context. 

Above all, however, this material is not only mind-stretching, but also great fun. I have 
no intention of inhibiting my enthusiasm and enormous enjoyment of the physics and as- 
trophysics for its own sake. 

Malcolm Longair 

Cambridge and Venice 

January 2010. 
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3C 31, 725-727, 739, 747 
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3C 48, 641,642 

3C58,414 

3C65,716 

3C 66B, 725-727 

3C 75, 727 

3C 83. IB, 727 

3C 120, 747, 748 

3C 196, 641, 642 

3C 227, 641 

3C 234, 641 

3C 266, 716 

3C 270 (NGC 4261), 660, 661 

3C 273, see Subject Index 

3C 274 (Virgo A), 725, 726, 747 

3C279, 669, 747, 748, 771 

3C 280, 716 

3C 286, 641, 642 

3C 295, 641 

3C 324, 716 

3C 345, 652, 669, 757 

3C 368, 716 

3C 371, 663, 664,757 

3C 390.3, 713, 714 

3C 445, 641 
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47 Tucanae (47 Tuc), 43, 44, 73, 76, 81, 457 

4C 21.53, 456, 457 

4U 1700-37, 452 
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A 0620-00, 531 



A0535+262, 514, 515 
Abell 400, 727 
Abell478, 123 
Abell 1413, 121 
Abell 2218, 110, 131 
Antennae, 88, 655, 695 

B1937+21,456 

B2334+61,461 

Becklin-Neugabauer (B-N) object, 397, 398 

Betelgeuse, 845 

BL-Lacertae objects (BL-Lac objects), 651 

Cartwheel galaxy, 88 

Cassiopeia A (Cas A), see Subject Index 

Centaurus A, 765 

Centaurus X-3 (Cen X-3), 450 

Coma cluster of galaxies (Abell 1656), see 

Subject Index 
Crab Nebula (Ml, NGC 1952), see Subject 

Index 
CSO 2352+495, 737 
Cygnus A, see Subject Index 
Cygnus Loop, 596, 607 
Cygnus X-l (Cyg X-l), 26, 281, 282, 452, 

479,482,489,531 
Cygnus X-2 (Cyg X-2), 527, 528 
Cygnus X-3 (Cyg X-3), 26 

77-Carinae, 79, 80 

mass loss rate of, 79 
EXO 033319-2554.2, 218 

Gl.9+0.3,415, 609 

Galactic Centre, see Subject Index 

'Geminga', 461 

Gliese 229B, 73, 74 

GRB 030329, 773 
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GRB 090423, 773 
GRB 970228, 773 
GRB 980425, 773 
GRO 1744-28, 527 
GROJ1655-40, 532 
GROJ1744-28, 514 
GRS 1915+105,481,740 
GRS1915+105,481 
Guitar Nebula, 459 
GX5-1, 527, 528 

HD 209458, 75 

HD 93131, 79 

Hercules X-l (Her X-l), see Subject Index 

HH 30, 398, 399 

HH 34, 398, 399 

HH 21 1,398, 399 

Homunculus Nebula (77-Carinae), 80 

HTCas, 521 

III Zw 2, 649 
IRAS04505-2958, 655 

Kepler's supernova, 414 
Kleinmann-Low Nebula, 397, 398 

Large Magellanic Cloud (LMC), 8, 9, 13, 29, 

35,415,425,426 
LBDS53W069, 818 
LBDS 53W091, 818 
LMC X-l, 482 
LMC X-3, 482, 531,534 

Ml, see Crab Nebula (Ml, NGC 1952) 

M3, 44 

M33, 480, 481 

M33 X-7, 480 

M49 (NGC 4472), 104, 105 

M51 (NGC 5194), 87, 402, 404 

M67, 44 

M81, 827 

M87 (NGC 4486), see Subject Index 

M106 (NGC 4258), see Subject Index 

M3 1 (Andromeda Nebula), see Subject Index 

Magellanic Clouds, 370 

MCG -6-30-15, see Subject Index 

Milky Way, 8, 9 

Mkn 0744, 649 

Mkn 1066, 649 

MXB 1730-335, 527 

NGC 253, 568, 569 



NGC 383, 739 

NGC 1068, 648, 658, 660, 661, 706 

NGC 1128,727 

NGC 1265, 727 

NGC 1275, 765 

NGC 1300, 87, 88 

NGC 2362, 44 

NGC 2787, 87 

NGC 3227, 713, 714 

NGC 4051, 648,713,714 

NGC 4151, 648, 650, 701, 709 

NGC 4736, 649 

NGC 4839, 119, 120 

NGC 5195, 87 

NGC 5236, 648 

NGC 5506, 489 

NGC 5548, 710, 711, 713-715 

NGC 7023, 382 

NGC 7469, 713-715 

North Pole star, 8 

NRAO 140, 757 

OJ287, 651,652, 697 
Ophiuchus molecular cloud, 385 
Orion Molecular Clouds, 14, 396, 397 

Cloud A, 396 
Orion Nebula, 14, 18, 396-398 
Orion star cluster, 73, 76, 78 
Orion, constellation of, 396, 397 

Perseus cluster of galaxies, see Subject Index 

PG 0052+251, 655 

PHL 909, 655 

PKS 2155-304, 769 

Plough or Great Bear, 8 

PSR 1919+21 (CP 1919), 444, 445 

PSR B0540-69, 447 

PSRB0656+14, 461 

PSRB1055-52, 461 

PSRB1509-58, 447 

PSRB1913+16, 454, 455 

PSRJ0538+2817,461 

PSR J0737-3039, 454-456 

PSR Jl 119-6127, 447 

QSO 0316-346, 655 

RX J0852.0 - 4622, 597, 598 

RX J1713.7 - 3946 (G347.3 - 0.5), 597 

Sersic 159-03, 123, 124 
Sagittarius A, 826 
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Sagittarius A* (Sgr A*), see Subject Index 

Sanduleak -69 202, 35, 425, 426 

Scorpius X-l (Sco X-l), 26, 527, 741 

Small Magellanic Cloud (SMC), 8, 9, 13 

SN 1006, 326, 414 

SN 1054, see Crab Nebula (Ml, NGC 1952) 

SN 1181, 414 

SN 1572, see Tycho's supernova 

SN 1604, see Kepler's supernova 

SN 1987A, 35, 81, 307, 317, 415, 425-430 

SN1998bw, 773 

SS433, 741,742, 749 

SU Aur, 385 

Taurus molecular cloud, 385 
Trapezium stars in Orion Nebula, 397 
Tycho's supernova, 414, 417, 596 
Tycho's supernova remnant, 417, 595, 596, 
607, 609, 627, 628, 632, 633 

UGem, 517, 519 

Vega (a<-Lyrae), 833, 834 
Vela supernova remnant, 28 

pulsar in, 444, 461, 463 
Vela X-l, 452 

Virgo A, see 3C 274 (Virgo A) 
Virgo cluster of galaxies, 26, 1 10, 725, 726 
VRO 42.22.01, 651 
VSSG23, 385 

W50, 742 

X1822-371,523 
XBT0748-676, 523 
XTE J1650-500, 536 

ZCha, 517, 518 
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Abell Catalogues of rich clusters of galaxies 
selection criteria of clusters in, 111 
space density of clusters in, 111 
Abell clusters of galaxies, 109-112 

spatial correlations with clusters and galax- 
ies, 111 
aberration formula, relativistic, 262 
absolute magnitude, 836 
absorption coefficiently, 186 

for thermal bremsstrahlung, 186, 187 
corrected for stimulated emission, 188 
uncorrected for stimulated emission, 188 
absorption edges at X-ray energies, 251-255 

K-edges, 253 
accelerated charged particles 

polar diagram of radiation of, 171 
acceleration four-vector A, 111 
acceleration of an electron in the electrostatic 

field of a proton or nucleus, 179 
acceleration of high energy particles, 613-636 
acceleration of charged particle in electric 

and magnetic fields, 614 
acceleration of charged particle in time- varying 

magnetic fields, 614 
beyond the standard model, 627-635 
critical velocity v c for electrostatic acceler- 
ation, 615 
diffusive shock acceleration 

acceleration to same energy per nucleon, 

633 
in strong shock waves, 621-627 
electron runaway for electrostatic acceler- 
ation, 615, 616 
energy spectrum of cosmic rays at and above 
the 'knee', 633-635 
for protons, helium nuclei, carbon, sili- 
con and iron, 634 



features of their properties to be explained, 

613 
Fermi acceleration - original version, 621 
first order Fermi acceleration, 597 
general principles of acceleration, 613-614 
dynamic, 613, 614 
electromagnetic, 613-614 
hydrodynamic, 613, 614 
highest energy cosmic rays, 635-636 

Hillas diagram, 635, 636 
in solar flares, 614-616 
magnetic fields in supernova shock fronts, 

628-629 
neutral sheets and, 614 

importance of induced return currents, 

616 
importance of streaming instabilities, 616 
non-linear diffuse shock acceleration, 629- 

633 
reconnection of magnetic field lines and, 
614 
accretion 

as an energy source for X-ray sources, 25 
in X-ray binary systems, 450 
maximum energy release for Schwarzschild 
black hole, 450 
accretion columns in magnetic cataclysmic vari- 
ables, 519-521 
emission of far ultraviolet and soft X-ray 

emission from, 520 
shock fronts in, 520 
temperature of shocked gas in, 520 
accretion disc, thick, 477, 478 
accretion discs, see thin accretion discs 
boundary layer 

emission from, in cataclysmic variables, 
518 
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luminosity of, 499 
boundary layer at inner edge of, 497 
energy flow in, 499 
formation of, 485 
luminosities of, 498, 499 
outward transfer of angular momentum, 485 
viscous dissipation of energy in, 485 
accretion discs about supermassive black holes, 

718-722 
accretion luminosity, 484 
Accretion Power in Astrophysics (Frank, King 

andRaine,491,719 
accretion power in astrophysics, 483-537 
accreting binary systems, 516-531 
accretion in binary systems, 506-515 
black holes in X-ray binaries, 531-537 
Eddington limiting luminosity, 486-488 
efficiency of the accretion process, 483- 
486 
for neutron stars, 484 
for white dwarfs, 484 
onto black holes, 484 
general considerations, 483-491 
thick discs and advective flows, 504-505 
thin accretion discs, 491-504 
accretion radius, see capture, or accretion, ra- 
dius 
action integral in Lagrangian mechanics, 200, 

201 
Active Galactic Nuclei (Krolik), 639 
Active Galactic Nuclei (Robson), 639 
active galactic nuclei, 648 

'blue-bump' component in spectra of, 491 
broad-line emission from, 701 
absence of forbidden lines in, 701 
broadening of, 701 
collisional de-excitation and, 701 
filling factors for, 701 
number densities in, 701 
Thomson scattering in, 701 
continuum radiation 

polarisation of, 700 
emission line regions in, 701-715 
high excitation lines in spectra of, 700 
model for, 698 
narrow- and broad-line emission in spectra 

of, 702 
narrow-line emission from, 702 
particle densities in, 702 
permitted and forbidden lines from, 702 



photoexcitation and photoionisation of gas 

clouds in, 699 
ratio of black hole to spheroid masses, 819, 

821 
reprocessing of the X-ray emission, 700 
Type 1, 657, 794 
unobscured, 657, 794 
active galactic nucleus 

model for, 701 
active galaxies, 639-665 
blazars 

superluminal sources and y-ray sources, 
651-653 
Low Ionisation Nuclear Emission Regions 

(LINERS), 653 
lower limit to size from time variability, 

669 
mass-to-luminosity ratio M/L in central re- 
gions, 670 
quasars, 641-647 
radio galaxies 

high energy astrophysics and, 639-640 
Seyfert galaxies, 648-651 
Ultra-Luminous Infrared Galaxies (ULIRGs), 

654-656 
unification schemes for active galaxies, 658- 

665 
X-ray surveys of active galaxies, 656-658 
adaptive optics, 7, 844 

adiabatic changes in classical mechanics, 200 
adiabatic expansion 

of a magnetic field, 337 
adiabatic inflow-outflow solutions (ADIOS), 

722 
adiabatic invariance, 203 

principle of, 199 
adiabatic invariants, 570 

conservation of, in a time-varying magnetic 
field, 614 
adiabatic loss problem and the acceleration of 

high energy particles, 607-61 1 
adiabatic losses, 587-588 

condition for importance of, 588 
instantaneous dynamics of the expansion 

and, 588 
non-relativisitic 

in an expanding flow, 587 
in terms of momentum, 588 
velocity distribution inside expanding sphere, 
588 
adiabatic motion of charged particle, 146 
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Adiabatic Motion of Charged Particles (Northrop), 

201 
Advanced Camera for Surveys (ACS), 135, 

801 
advection, 718-720 

advection dominated accretion flows (ADAFs), 
718,719,721,722 
equations of conservation of mass, angular 

momentum and energy, 720 
plot of the accretion rate against the surface 

density, 720, 721 
radiative efficiency n of, 718 
super-Eddington accretion in, 722 
thermal stability of, 721, 722 
viscous stability of, 721, 722 
advective transport of mass and energy, 504- 
505 
supermassive black holes and, 505 
through black hole horizon, 505 
Airy diffraction pattern, 841, 843, 844 
Airy disc, 841,844 
Aitoff projection, 828 
Akeno Giant Air Shower Array (AGASA), 

571,575 
Alfven and hydromagnetic waves in interstel- 
lar medium, 205-207 
damping rate by neutral particles, 207 
energy density of, 206 
growth rate of, 206 
momentum density of, 206 
Alfven radius, 511-513 
for white dwarfs, 512 
Alfven speed, 206, 207, 352, 354, 357, 358, 

567, 568, 622 
alignment effect in radio galaxies, 651, 716, 
717 
shock excitation of emission line regions, 
715-718 
alignment of interstellar grains, 405-407 
magnetic field parallel to optical polarisa- 
tion, 407 
physical mechanisms for, 406 
Barnett effect, 406 
paramagnetic dissipation, 407 
Rowland effect, 406 
suprathermal processes, 406 
a-discs, 496, 501, 502, 720 
AM Herculis binaries, 218 
ambipolar diffusion, 341 
Ampere's theorem, 355 
Anglo-Australian Telescope, 644, 647 



Anglo-Australian Telescope 2dF survey (AAT 

2dF),4, 85, 89, 111, 112 
angular cyclotron frequency, 196 
angular diameter distance, 130 

in general relativity, 470-472 
angular frequency wo of electron in atom, 147 
angular gyrofrequency, 196, 201, 207 

non-relativistic, 221 

relativistic, 222, 233 
angular momentum transport by viscosity, 497, 

498 
angular plasma frequency, 486 
angular resolving power, 838 
anomalous resistivity of a plasma, 359 
anomalous X-ray pulsars, 458 

location onP-P diagram, 458 
antenna temperature, 854 

minimum detectable, 854 
aperture grading, 844 
aperture synthesis, 845-848 

Earth-rotation, 848 

principles of, 23 
apodisation, 844 

Apollo 12 and the Surveyor satellite, 161 
Apollo 14, 162 
Apollo 17, 161 
apparent magnitude 

bolometric, 834 

definition of, 833 
Archimedean spiral, 343 
Ariel-V satellite, 794 
ASCA Large Sky Survey, 794 
ASCA X-ray observatory, 597, 660, 795 
associated Legendre functions, 58 
asteroids 

asteroid belt and, 162 

parent bodies of meteorites, 162 
astronomical seeing, 844, 845 
astronomical unit (AU), 829 
astronomical units, 829 
astroparticle physics, 140 
Astrophysical Flows (Pringle and King), 492 
Astrophysics of Gaseous Nebulae and Active 
Galactic Nuclei, The (Osterbrock and Fer- 
land), 371,701,702 
asymptotic giant branch stars, 316 
Atacama Large Millimetre Array (ALMA), 

15 
atmosphere as converter for cosmic rays, 549 
atmospheric turbulence and astronomical see- 
ing, 844, 845 



INDEX 



903 



ATOM telescope, 769 

atomic binding energy, 147 

Auger air-shower array, 34 

Auger electrons, 687 

Auger ultra-high energy cosmic ray observa- 
tory, 300 

aurorae, 351 

green and red lines of oxygen in, 351 

auroral zone, 351 

Australia Telescope Compact Array, 429, 430 

Australia Telescope National Facility (ATNF), 
23 

Avogadro's number, 192, 298 

Baade-Wesselink method, 430, 830 
background intensities in ground-based ob- 
servations, 835, 850 
background radiation 

submillimetre and far-infrared 

contribution of active galactic nuclei, 815 
main contributors to, 816 
ultraviolet 

decrease at large redshifts, 814, 815 
decrease in intensity from z = 1 to present 
epoch, 815 
Baksan Neutrino Observatory in the northern 

Caucasus mountains, 63 
Balmer absorption line index H6 A as age in- 
dicator, 94 
Balmer break, or discontinuity, D„(4000) as 

age indicator, 94 
Balmer continuum absoption, 837 
Balmer decrement, 372, 703, 708 
Balmer series of hydrogen, 491, 642, 649, 

699, 703, 708 
BeppoSAX gamma-ray telescope, 317, 318 
Bernoulli's equation, 346 
beryllium-10 10 Be cosmic ray clock, 564 

production ratio of, 564 
Bessel functions J (z), J[(z), 841 
betatron, 213 

Bethe-Bloch formula, 153-154, 178, 183 
bias parameter, 133 
BIMA Millimetre Array, 127, 128 
binary pulsars, 454-456 
binary star systems, 506-509 
close, 506 
contact binaries, 506 

common envelope of, 506 
mass-to-luminosity relation, 507 
equipotential surfaces in the rotating sys- 
tem, 506, 507 



evolution of stars in, 507, 508 
feeding the accretion disc, 509-5 1 1 

Roche lobe overflow, 509, 510 

stellar mass loss and winds, 509, 510 
mass transfer in, 507, 508 
non-contact close binaries, 507 
periods of, 506 
role of magnetic fields, 511-515 

accretion columns and, 512 

magnetic pressure of, 511 

mass flow onto magnetic poles, 511,512 

ram pressure and, 511 
spectroscopic binaries, 506 
statistics of, 506 
symbiotic stars and, 509, 516 
visual binaries, 506 
bipolar outflows, 386, 398 
magnetic fields in, 398 
model for, 398, 400 
molecular beams in, 398 
origin of, 401 

magnetic fields and, 402 
polarisation observations of, 398 
similarity to extragalactic radio sources, 398, 
402 
BL-Lacertae objects (BL-Lac objects), 20, 65 1 , 

652, 663, 664, 745 
associated with FR1 radio sources, 653 
double-sided radio jets in, 664 
highly variable radio sources, 651 
low-redshift sources, 65 1 
observation of, underlying FR 1 radio sources, 

663 
polarisation of, 700 
rapid deceleration of radio jets in, 664 
superluminal motions in, 653 
Black hole physics : basic concepts and new 

developments (Frolov and Novikov), 469 
black holes, 84, 136, 413, 469-482 
accretion luminosity of, 500 
angular momentum on last stable orbit, 500 
characteristic growth rate by accretion, 693 
circular velocities about, 688-692 
condition for matter to fall into, 499 
dragging of inertial frames, 475 
electrodynamics of, 478 
elementary considerations, 669-670 
ergospheres of rotating, 477 
evaporation of, 478 

extraction of rotational energy from rotat- 
ing, 477 
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'flickering' of the X-ray intensity and, 488, 

489 
formation and evolution of galaxies and, 

685 
general case in general relativity, 474-479 
Hawking radiation from very low mass, 478 
horizon of rotating black hole, 475 
in X-ray binaries, 25, 531-537 
different active states of, 531, 532 
disc fraction /, 531 
hard state, 531,534 

hard state and presence of radio jets, 534 
high frequency quasi-periodic oscillations 

(QPOs), 535 
hot corona in, 535, 537 
increase in frequency of QPOs with lu- 
minosity, 535 
iron fluorescence lines, 532, 536-537 
luminosity of accretion disc, 533, 534 
power density spectrum of the variabil- 
ity, 531 
quasi-periodic oscillations (QPOs), 531, 

532, 534-536 
steep power-law, 531 
steep power-law state, 534-535 
temperature distribution in accretion disc 

about, 533 
thermal state, 531, 533 
last stable orbit, 485, 488, 491, 499, 500, 
505, 536, 537, 668, 688-692, 718 
binding energies of particles on, 668 
evidence for, 533 
light-travel time across the last stable orbit, 

488 
magnetic fields threading, 477, 478 
mass estimates for, in X-ray binaries, 479, 

480 
mass from kinematics of nuclear gas clouds, 

490 
masses from time variability, 490 
maximally rotating, 476 
maximum angular momenta of, 475 
maximum energy release of Schwarzschild, 

476, 485 
most compact objects of mass M, 668 
most powerful energy sources in astrophysics, 

668 
observational evidence for, 479-482 
predicted line shapes of the fluorescent 6.4 
keVline, 690, 691 
double-horned appearance, 691-692 



primordial, 478 

properties of, 667-668 

resistivity of, 478 

Schwarzschild, 476, 667 

efficiency of energy conversion, 68 1 
gravitational and Doppler shifts on last 

stable circular orbit, 688 
gravitational redshift from, 667 
last stable circular orbit, 667, 668, 691 
maximum binding energy on last stable 

orbit, 668 
maximum redshift on last stable circular 

orbit, 692 
predicted line shapes of fluorescent 6.4 

keV line, 690 
red and blue shifts on last stable circular 

orbit, 690 
surface of infinite redshift, 667 
trajectories of light rays from, 690 
velocity on last stable circular orbit, 667, 
688, 690 

sketches of, in X-ray binaries, 482 

specific angular momentum of, 499 

static radius about rotating, 475 

supermassive, 136, 782 

epoch of maximum quasar activity, 792 
non-thermal radiation processes and, 782 

temperature of, 478 

temperature of gas at last stable orbit, 49 1 
Black Holes - the Membrane Paradigm, 478 
black holes in our Galaxy 

X-ray spectra of, 692 
black holes in the nuclei of galaxies, 667-696 

circular velocities about, 688-692 

dynamical estimates of masses of, 670-672 

dynamical evidence for, 670-681 

elementary considerations, 669-670 

examples of dynamical estimates of masses 
of, 672-681 

growth of, 693-696 
accretion and, 693 

advective transport of matter and, 694 
compact star clusters and, 695 
dissipation processes and, 695 
feedback mechanisms and, 695 
Rees diagram, 694-696 
Salpeter time-scale, 693-694 
star formation and evolution and, 695 
transfer of angular momentum and, 695 
ULlRGs and, 695 

properties of, 667-668 
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Soltan argument for, 681-683 

average mass density in the Universe in 

massive black holes, 682 
average mass of massive black holes in 
L* galaxies, 683 

spheroid masses and, 683-685 

X-ray observations of fluorescence lines and, 
685-692 
black holes in X-ray binaries and active galac- 
tic nuclei, 488-491 
black-body radiation 

intensity of, 240, 853 

Ray leigh- Jeans limit of, 240, 241 

spectrum of, 5 
blazars, 652, 653, 659, 663, 757, 763, 765- 
767, 769, 770 

association with intense y-ray sources, 653 

high degrees of linear polarisation, 653 

relativistic beaming and, 757 

superluminal motions in, 653 

superluminal sources and y-ray sources, 651- 
653 

variability of, 669 
blue sequence or blue cloud, 89 

avoid regions of rich clustering, 93 

properties of galaxies of, 89 
Bohr model of the atom, 147 
Bohr radius of the hydrogen atom, 190 
bolometric absolute magnitude, 836 

of Sun, 836 
bolometric flux density, 836 
Boltzmann distribution, 187, 328, 364 
Boltzmann equation, 275, 286 

collisionless, 671 

evolution of photon occupation number and, 
275 
Boltzmann relation, 272 
Bose-Einstein distribution 

as a solution of Kompaneets equation, 278 
Bose-Einstein spectrum, 282 
Bose-Einstein statistics, 442 
bound-free absorption, see photoelectric ab- 
sorption 
bound-free absorption in stars, 52 
bow shock, 350 

density enhancement across, 351 
Boyer-Lindquist coordinates, 474 
braking index, 445, 447 

energy loss from pulsars and, 445 

for magnetic dipole radiation, 447 

magnetic breaking and, 445 



'braking radiation', see bremsstrahlung 
bremsstrahlung, 109, 119, 127, 145, 169, 178- 
194,330,831 
collision parameters b max and b min for, 179, 

182,587 
cooling rate, 123 
emissivity of, 129 
hot intracluster gas, 735 
low frequency spectrum of, 181, 182 
non-relativistic energy loss rate, 182-183 
non-thermal, 318 
relativistic, 189-194 

average energy of photons emitted in, 194 
catastrophic losses in the atmosphere, 193 
collision parameters b mm and b miTL for, 

189-191 
correction for electron-electron interac- 
tions, 191 
critical energy, 193 

in terms of the photon number flux den- 
sity, 193 
radiation length X for, 191 
radiation lengths for hydrogen, air and 

lead, 193 
the low energy y-ray emission of the in- 
terstellar medium and, 194 
total energy loss rate, 191-193 
total stopping power in different materi- 
als, 191, 193 
spectral emissivity of, 121 
spectrum of, 121, 129 
thermal, 183-189,724,725 
absorption, 186-189 
Gaunt factors for, 184 
Gaunt factors for radio wavelengths, 1 84 
Gaunt factors for X-ray energies, 184 
mass of gas and dark matter in clusters 

of galaxies and, 186 
spectral emissivity of, 183-186 
total energy loss rate of, 184 
X-ray, 431 
bremsstrahlung absorption in stars, 52 
brightness temperature, 240, 241, 651, 745, 
853 
Rayleigh-Jeans approximation for, 853 
broad-line regions, 707-709 
absence of forbidden lines, 707 
evidence for photoexcitation and ionisation, 

709 
ionisation parameter in, 708 
little dust extinction in, 709 
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opacity of Lyman-Q' lines, 708 

photoexcitation and ionisation in, 708 

physical properties of, 708 

presence of singly-ionised iron, 708 

reverberation mapping of, 708 

semi-forbidden lines, 707 

variability of, 708 
brown dwarfs, 73, 74, 136 

discovered in 2MASS survey, 74 

discovered in Pleiades, Orion and p Ophi- 
uchus clusters, 74 

discovered in Sloan Digital Sky Survey (SDSS), 
74 
Buckingham II theorem, 606 
BUGS experiment of Ariel- VI mission, 546, 

547 
buoyancy 

hot gas bubble in the Galactic plane and, 
569 
Byurakan Observatory, 648 

Calar Alto telescope, 596 

CalTech Submillimetre Observatory (CSO), 

15, 127, 286 
Canada-France Redshift Survey, 813 
canonical coordinates, 200 
canonical momentum, 200 

of particle in a magnetic field, 200 
capture, or accretion, radius, 529, 530 
carbon burning, 71 

carbon monoxide (CO) map of Galaxy, 1 8 
carbon recombination lines in gaseous nebu- 
lae 
very high order transitions, 373 
carbon-nitrogen-oxygen (CNO) cycle, 49, 50, 

53,55,69,80,81,521,522 
Cassegrain telescope, 843, 845 
Cassiopeia A (Cas A), 317, 318, 365, 415, 
421, 422, 595, 602-604, 607, 608, 610, 
627, 628, 640 
as a type lib supernova, 421 
decrease in flux density of, 746 
equipartition magnetic flux density, 603 
kinetic energy of optical filaments, 603 
minimum energy requirements for synchrotron 

radiation, 603 
Type lib supernova, 596 
cataclysmic variables, 419, 483, 488, 509, 511, 
516-522 
accretion columns in magnetic, 519-521 
AM Herculis stars, 516, 517 



classical novae, 516, 521, 522 

event rate in our Galaxy and M31, 521 
thermonuclear runaway and, 516, 522 
dwarf novae, 516, 518, 519, 521 
eclipse mapping of, 517, 518 
temperature mapping, 517, 518 
intermediate polars, 516 
magnetic, 516 
novae-like stars, 516 
polars, 516, 517 
recurrent novae, 516 
strong emitters in the 1-10 keV X-ray 

wavebands, 519 
strong emitters in the EUV and soft X-ray 

wavebands, 519 
strong winds from, 521 
symbiotic stars, 516 
Catalogue of selected compact galaxies and 
of post-eruptive galaxies (Zwicky), 648 
causality relation, 669 
cD galaxies, 641, 651 
celestial equator, 825, 827 
celestial hemisphere 
north, 827 
south, 827 
celestial sphere, 828 
central limit theorem, 577, 787, 849 

Gaussian statistics and, 849 
Cepheid variables, 830 

luminosity-period relation for, 830 
Cerro Tololo InterAmerican Observatory, 13 
ChaMP study, 794 
Chandra Deep Fields, 794 
Chandra X-ray Observatory, 27, 124, 125,414, 
421, 429, 595, 596, 723-725, 732, 781, 
794 
Chandrasekhar limit, or mass, 417-419, 435- 
443, 508 
for neutron stars, 437 
for white dwarfs, 437 
charge exchange current-driven instabilities, 

629 
charge-coupled devices (CCD), 7, 850 
charged particles in magnetic fields 

dynamics in time-varying field, 197-201 
adiabatic invariant approach to, 200-201 
physical approach to, 197-200 
dynamics of, 195-207 

in static uniform field, 195-197, 213- 
214 
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scattering by Alfven and hydromagnetic waves, 
205-207 

scattering by irregularities in the field, 202- 
205 

spiral motion in uniform field, 196 
chemical potential /i, 270, 271, 282 
Cherenkov radiation, 291-297 

Cherenkov cone, 296 

condition for, 293 

energy loss rate per unit bandwidth, 297 

'shock wave' interpretation of, 292 
circumstellar disc, 386 
Classical Electrodynamics (Jackson), 141 
classical electron radius, 257 
classical novae, see cataclysmic variables, clas- 
sical novae 
clusters of galaxies, 109-140 

Bautz-Morgan classification, 112, 113 

central concentration of galaxies and cen- 
tral profile, 112, 113 

central mass density of, 116 

core radius, 113, 115 

crossing time, 118 

dark matter in, 135-140 

galaxy content, 112, 113 

isothermal gas spheres and, 113-117 

mass segregation, 112, 113 

morphologies of, 109-112 

most massive galaxies in, 167 

regular, intermediate and irregular, 1 1 1-113 

symmetry, 112, 113 

X-ray emission of, 27 
clusters of stars, 42 
coincidence counting, 31 
collision frequency for electrostatic collisions 

between particles v c , 614 
collision of high energy particle with station- 
ary electron 

duration of, 146 

limits to collision parameters, 145-148 
relativistic case, 152-153 

non-relativistic treatment, 144-145 
maximum energy loss, 144 

relativistic treatment, 152-153 
collision parameters, 144 

maximum and minimum for electrostatic 
scattering, 331 
collision time of particles in a plasma, 330 
collisionless plasma, 335 
colour index 

definition of, 836 



colour-colour diagram for stars, 837 
colour-magnitude diagram for stars, see Hertzsprung- 

Russell diagram 
colours 

definition of, 836 
Coma cluster of galaxies (Abell 1656), 26, 
117-120 
core radius of, 116 
mass of, 118,832 
mass-to-luminosity ratio, 119 
X-ray image of, 119 
comoving coordinates, 682 
comoving radial distance coordinate, 682, 786 
comoving volume 

variation with redshift, 784 
compact extragalactic sources and superlumi- 
nal motions, 745-780 
compact radio sources, 745-747 
y-ray bursts, 771-780 
y-ray sources in active galactic nuclei, 764— 

771 
relativistic beaming, 750-758 
superluminal motions, 747-750 
superluminal source population, 759-763 
synchro-Compton radiation and the inverse 
Compton catastrophe, 763-764 
compact HII region 

spectrum at radio wavelengths of, 188, 189 
compact radio sources, 745-747 

evidence for relativistic particles in, 745 
relativistic bulk motion in, 291 
variability of, 289 
Compton effect, 260 

Compton Gamma-Ray Observatory (CGRO), 
316-318, 320, 653, 669, 764, 765 
Burst and Transient Source Experiment (BATSE), 

514,771,772 
EGRET instrument of, 28, 29, 551, 552, 
764 
Compton optical depth, 269, 270, 276, 280, 

283, 284 
Compton scattering, 125, 259-261 

average energy change of photon in, 269 
average energy gain of photons by, 268 
derivation of formulae for, 259-261 
exchange of energy between electrons and 

radiation field, 260 
inverse, 782 

Klein-Nishina cross-section, 260-261 
probability distribution for a single scatter- 
ing, 285 
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recoil effect, 260 
Compton scattering optical depth, 126 
Comptonisation, 267-282, 535, 620 
basic physics of, 267-271 
Bose-Einstein distribution 
formation of, 270, 27 1 
with finite chemical potential^, 271 
Compton optical depth, 269, 270 
condition for significant distortions of pho- 
ton spectrum, 269 
examples of astrophysical applications, 268 
interchange of energy between matter and 
radiation and, 268-270 
differential equation for, 269 
Kompaneets equation, 275-282 
number of scatterings to approach satura- 
tion, 270 
occupation number, 272-275 
recoil effect in, 268 
computer simulations 

hydrodynamical simulations of galaxy col- 
lisions, 820 
origin and evolution of cosmic structures 
and, 820 
concentration index C = (R90/R50), 94 
conductivity of a plasma, 145, 464 
cone diagram of the distribution of galaxies, 

111 
conservation of angular momentum, 47 1 , 484 
conservation of energy for Newtonian grav- 
ity, 471, 472, 484 
conservation of energy in general relativity, 

472,484 
conservation of mass, 53 
convection dominated accretion flows (CDAFs), 

722 
convective transport of energy in stars, 50, 54 
condition for, 50, 66 
in main sequence stars, 67 
in pre-main sequence stars, 67 
in red giant stars, 67 

of different masses on the main sequence, 
68 
convective transport of mass and energy, 505 
cooling flows in clusters of galaxies, 123-125 
cooling function 

generalised, 719 
Cooper pairs, 442 
coordinate systems and projections used in 

astronomy, 8 
coordinate systems in astronomy, 825-829 



coordinate time in general relativity, 470, 688 
coordinate-space diagram for diffusion-loss equa- 
tion, 209 
Copernicus satellite, 368, 369 
coronal loops, 338, 339, 342, 353 
coronal mass ejection events, 344 
coronene, 383 

correlation between far-infrared luminosity and 
radio luminosity of galaxies, 728, 730 
interpretation in terms of starbursts, 729 
COS-B satellite, 28 

Cosmic Background Explorer (COBE), 16, 17, 
410 
DIRBE instrument of, 12-14 
FIRAS instrument of, 283 
The Cosmic Century: A History of Astrophysics 
and Cosmology (Longair), ii-iv, 3, 5, 53, 
213,639 
Cosmic Microwave Background Radiation, 15- 
18, 109, 125, 126, 410, 589, 731, 733, 
755,831 
cosmological fluctuations in, 17 
dipole component of, 15-17 
dipole temperature distribution from mov- 
ing reference frame, 755 
distortions from a perfect black-body spec- 
trum, 282 
due to energy injection after the recom- 
bination era, 283 
due to energy injection prior to the re- 
combination era, 282 
limits to, 284 
fluctuations in, 820 
motion of the Solar System relative to, 16, 

17 
radiation temperature of, 15 
Sunyaev-Zeldovich distortions of, 125-127, 
286 
cosmic ray astrophysics, 29-34 
extensive air showers, 31 
from space and from the ground, 32-34 
history of, 29-32 

ionisation of the atmosphere with increas- 
ing altitude, 30, 3 1 
cosmic ray clocks, 548 
cosmic ray electrons 

spectrum of, 233, 247, 248 
cosmic ray protons and nuclei 

solar modulation of, 204, 205 
cosmic rays, 539-584, 639 
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abundances of the elements in the cosmic 

rays, 543-549 
air shower technique at energies E > 10 15 

eV, 539, 541 
antiparticles in the flux of, 543 
chemical abundances of, 34, 544-547 

features of, 545-546 
confinement time in the Galaxy and cosmic 

ray clocks, 563-565 
confinement volume for, 565-568 
cosmic ray clocks 

observed abundances of radioactive spal- 
lation products, 565, 566 
radioactive spallation products and, 563, 
564 
differential energy spectra for different species, 

540-542 
differential energy spectra for electrons, 542- 

543 
differential energy spectrum of 
'ankle' in, 539, 540 
'bump' in, 575 
'knee' in, 539, 540, 575, 578, 629, 630, 

633-635 
overall, 539, 540 
energy density of, 390 
energy spectra of cosmic ray protons and 
nuclei, 33, 539-543 
solar modulation and, 539 
energy spectrum of cosmic ray protons and 

nuclei, 233 
escape time r c from our vicinity in the Galaxy, 
563, 566 
derived from mean spallation path length, 

563 
derived from radioactive spallation prod- 
ucts, 565 
escape time from the Galaxy, 604 
Galactic halo, 568-571 
Greisen-Kuzmin-Zatsepin (GKZ) cut-off, 581- 

584 
gyroradius of, 549 

high energy electrons and the Galactic ra- 
dio emission, 585, 593 
high energy protons and the Galactic y-ray 

emission, 585 
highest energy cosmic rays and extensive 

air- showers, 571-573 
isotopic abundance anomalies in 

origin of, 563 
isotopic abundances of, 547-549 



differences from cosmic abundances, 548 
isotropy and energy density of, 549-550 
isotropy of, 566 

as a function of energy, 549 

Compton-Getting effect, 567 

diffusion model for, 566-568 

leaky box model for, 566 

net stream of cosmic rays and, 549 

predicted anisotropy in diffusion model, 

567 
underground muons and, 549 
isotropy of ultra-high energy cosmic rays, 

578-581 
local energy density of, 550 

compared with other local energy densi- 
ties, 550 
mean free path for scattering in the inter- 
stellar medium, 567 
mean spallation path length of 50 kg m" 2 , 

565 
observation of the highest energy, 573-578 
origin of the light elements in, 554-563 
abundance differences compared with cos- 
mic abundances, 554 
overall statistics for, 539 
particle detectors in space observatories, 539 
residence time in the Galaxy, 579 

dependence upon particle energy, 579 
Solar System abundances of the elements, 

543-545 
source abundances compared with the lo- 
cal Galactic abundances, 558-560 
correlation with first ionisation potential, 

560 
first ionisation potential and, 558 
streaming instability due to excitation of 
Alfven and hydromagnetic waves, 567 
transfer equation for light nuclei, 554-561 
ultra-high energy, 34 

anisotropics in distribution of, 34 
cutoff at very high energies, 34 
variations in the chemical composition of 
cosmic rays with energy, 561-563 
boron-to-carbon ratio, 561, 562 
chromium-to-iron ratio, 561, 562 
cosmic rays and the discovery of new parti- 
cles, 31-32 
charged and neutral kaons, 32 
mesotron, 32 
muon, 32 
pion, 32 
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positron, 32 
strange particles, 32 
cosmic rays in the atmosphere, 321-326 
electromagnetic cascades, 321-323 
formation rate and half-life of 14 C, 324 
formation rate and half-life of 3 H, 325 
nucleonic cascades, 321-323 
path-length for nuclear interaction, 323 
pion production, 321-323 
radioactive nuclei produced by cosmic rays 
in the atmosphere, 324-326 
formation of carbon- 14 14 C, 324 
formation of tritium 3 H, 324 
residence time in atmosphere, 325 
secondary fluxes of relativistic electrons, 

323 
vertical fluxes of, 324 
vertical fluxes of at different heights, 323 
cosmic rays, solar 

underabundances correlated with first ion- 
isation potential, 559 
cosmic star formation rate 

maximum at redshifts z~ 1-2, 819 
problem of dust extinction, 815 
submillimetre determinations of 
as a function of redshift, 816 
cosmic web, 111, 112 

Cosmic-Ray Isotope Spectrometer (CRIS) of 
the Advanced Composition Explorer (ACE), 
565, 566 
cosmological aspects of high energy astrophysics, 

781-823 
cosmological distance ladder, 831, 832 
Coulomb's law of electrostatics, 172 

relativistic transformation of, 149-151 
counts of active galaxies 

evolution in infrared waveband, 809 
counts of extragalactic radio sources, 787- 
789 
excess of faint radio sources, 787 

evidence for strong cosmological evolu- 
tion, 789 
counts of galaxies, 800-807 

excess of faint blue galaxies, 801, 804 
and starburst galaxies, 806 
nature of, 805-807 
fluctuations in, due to large-scale cluster- 
ing, 800, 803, 804 
for irregular/peculiar/merger systems, 805 
for spheroidal and spiral galaxies, 805 
in infrared K-waveband, 804, 806 



in U, B, R, I and K wavebands, 803 
problems of determining, 800-804 
counts of galaxies and active galaxies, pre- 
dicted, 783-793 
at submillimetre wavelengths, 810-812 

normalised differential counts, 810, 811 
Euclidean, 783 
differential, 783 
integral, 783 
for standard world models, 783-800 

for sources with power-law spectra, 783— 

784 
infrared counts for galaxies, 798-800 
normalised, differential, 783-784 
optical counts for galaxies, 798-800 
slopes of integral and differential, 784 
counts of infrared and submillimetre sources 
convergence of, at mid-infrared wavelengths, 

810 
IRAS galaxies 

excess of faint sources, 807 
Spitzer Survey 

excess of faint sources, 807 
submillimetre wavelengths, 812 
excess of faint sources, 812 
counts of mid and far-infrared sources, 810 
counts of radio quiet quasars, 646, 647, 792 
counts of submillimetre sources, 810-813 
counts of X-ray sources, 794-798 

evidence for evolution of the source popu- 
lations, 794 
hard X-ray energies, 2-10 keV, 657, 794, 

796 
history of, 794 

problems of interpretation, 794 
soft X-ray energies, 0.5 - 2 keV, 794, 796 
and the integrated X-ray background emis- 
sion, 794 
Crab Nebula (Ml, NGC 1952), 25, 26, 28, 
213, 414, 447, 599, 640, 705, 770 
continuous injection of energy into, 448 
energy requirements of, 448 
pulsar in, 414, 444, 447, 448, 456, 457, 
461,463,465,467 
critial density for degenerate gas, 433 
critical angular frequency for synchrotron ra- 
diation, 229, 230 
critical brightness temperature, 289, 290 
critical cosmological density, 140 

in neutrinos with finite mass, 138 
critical density 
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for common ions, 373, 375 
critical density for stabilisation in degenerate 

neutron gas, 440 
critical density for star formation, 820 
critical Fermi momentum p F , 440 
critical frequency for synchrotron radiation, 

222, 232-234, 240, 245 
crossing time, 118 
crossing time r cr of star or galaxy in a cluster, 

166, 167 
Cryogenic Dark Matter Search (CDMS II), 

140 
current sheets, 354 
curvature of space-time in general relativity, 

470 
curvature radiation, 222, 468 
cusp catatrophe, 133 
cyclotron absorption features, 443 
cyclotron absorption features in accreting X- 
ray sources, 217-219 
magentic field estimates from, 218 
cyclotron absorption features in isolated neu- 
tron star, 218 
cyclotron absorption features in isolated neu- 
tron stars 
magentic field estimates from, 219 
cyclotron radiation, 216-219 

broadening of spectral lines of, 217 
circular polarisation of, 217, 218 

geometry of magnetic field configuration 

and, 218 
magentic field estimates from, 218 
harmonics of gyrofrequency, 216, 217 
mildly relativistic, 216 
cyclotron radius of charged particle in mag- 
netic field, 196 
Cygnus A, 26, 288, 534, 603, 640, 702-707, 
723-725, 727, 731-734, 736, 747, 848 
abnormally nearby, 702 
absence of internal depolarision, 735 
intergalactic magnetic flux density in sur- 
rounding intracluster gas, 735 
mass of associated cluster and intracluster 

gas, 735 
minimum energy requirements for, 603 
optical spectrum of, 702-707 

comparison of theoretical and observed 

spectrum, 703 
comparison with the spectrum of the Crab 
nebula, 705 



estimates the element abundances in emit- 
ting line regions, 705 
estimates the temperatures and densities 

of emitting line regions, 705 
influence of dust extinction on, 703 
origin of continuum radiation, 705 
origin of dust extinction in, 703 
other Type 2 systems and, 707 
photoionisation models for, 705 
physical properties of the clouds respon- 
sible for, 705, 706 
wide range of ionisation states in, 703 
rotation measure distribution, 735 
shocks and cooling flows in surrounding 

intracluster gas, 735 
typical of luminous FR2 radio sources, 735 

D galaxies, 641, 651 

damping of Alfven and hydromagnetic waves, 

567 
dark energy, 417 
dark matter, 135-140 

astrophysical and experimental limits, 139— 

140 
axions and, 138 
baryonic, 135-138 
black holes and, 136 

limits to mass density from gravitational 
lensing, 136 
brown dwarfs and baryonic, 136 
forms of, 135-140 
in clusters of galaxies, 109, 119, 121 
in early type galaxies, 135 
in galaxies, 85 
MACHOsand, 138 

gravitational microlensing and, 136 
masses of dark matter particles, 140 
neutrinos with finite rest mass and, 138 
non-baryonic, 138-139 
searches for dark matter particles, 140 
structure of, 133 
WIMPs and, 138 
dark matter haloes of galaxies and clusters, 

133 
Davis-Greenstein alignment mechanism, 407 
de Broglie wavelength, 307 
de Vaucouleurs r 1/4 law for surface bright- 
ness, 91, 116 
dead stars, 413-482 
Debye length, 327-329, 331, 486, 615 
as shielding distance in plasma, 328, 329 
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decay of binary orbits and gravitational waves, 

35 
declination (Dec or <5), 825, 826 
deflagrations, 419 
degeneracy pressure, 43 1 

condition for use of relativistic equation of 

state, 433, 434 
conditions under which important, 43 1, 433, 
434 
degenerate gas 

non-relativistic equation of state for, 432, 

433 
relativistic equation of state for, 433 
of electrons, 433 
of neutrons, 434 
degenerate stars 

internal structure of, 431-434 
dendrochronology, see tree-ring-dating 
density wave theory of spiral structure, 388, 
504 
forcing mechanisms and, 389 
dentist's drill model for jets in FR2 radio sources, 

742 
depolarisation of polarised radio signals, see 

Faraday depolarisation 
detection of ultra-high energy y-rays, 292 
detonations, 419 
deuterium formation in stars, 49, 60 

neutrinos from, 49 
diagnostic diagram 

alignment effect and, 717 
diagnostic diagram for emission line galax- 
ies, 706, 707 
distinguishing photoionisation by hot stars 
from non-thermal radiation, 707 
differential rotation of Galactic disc, 387 
diffraction optics, 838 
diffraction-limited telescopes, 838-845 
diffusion coefficient D, scalar, 208 
diffusion coefficients for high energy parti- 
cles in fluctuations in magnetic field, 204 
physical model for, 204-205 
diffusion of charged particles, 329-332 

mean free path and, 330 
diffusion time for magnetic field in a plasma, 

340, 342, 355 
diffusion-loss equation, 278, 586, 594, 608 
escape time, 278 

including radioactive decay, 564-565 
solution of, 564 



including term for diffusion of particles in 

momentum space, 620 
source term, 278 
statistical acceleration and, 277 
steady-state solutions for particle accelera- 
tion, 618 
diffusion-loss equation for high energy elec- 
trons, 590-594 
distortions of the injection energy spectrum, 

590-591 
steady-state solutions for, 590-591 

under synchrotron and inverse Compton 
losses, 591, 592 
time evolution 

under synchrotron and inverse Compton 
losses, 591, 592 
diffusion-loss equation for high energy parti- 
cles, 207-211 
coordinate-space approach, 209-21 1 
elementary approach, 208-209 
including spallation gains and losses, catas- 
trophic loss of particles, radioactive 
decay, 210 
diffusive shock acceleration, 621-635, 730 
advection of particles from shock acceler- 
ation region, 625 
average energy gain on crossing shock wave, 

624 
average energy gain per cycle of accelera- 
tion, 625 
box-model of, 626 
differential power-law energy spectrum from, 

625 
efficiency of conversion of kinetic energy 

to particle energy, 628, 633 
first-order Fermi acceleration, 622 
for shock waves with different compression 

ratios, 627, 631 
fraction of particles lost per cycle, 625 
non-linear features of, 628 
overcoming the adiabatic loss problem, 627 
scattering by Alfven and hydromagnetic waves, 

626 
scattering by streaming instabilities or tur- 
bulent motions, 622, 623 
symmetry of acceleration process in cross- 
ing of shock front, 624 
upper limit to particle energy, 626 
diffusive shock acceleration in strong shocks, 

616 
diffusive velocity, 357 



INDEX 



913 



dimensional analysis, 606 
dipole radiation, 173, 220, 221 
Dirac 6-function, 176, 181, 329 

Fourier transform of, 181 
dispersion measure, 459 
dispersion measure of pulsars, 375-377 
dispersion prism, or grating, 645 
displacement four-vector R, 149, 169, 170, 

856 
dissipation time-scale, 355 
distance indicators, 830 

problems of using, 830 
distance measure D, 784 
distances in astronomy, 10, 829-832 

astrophysical methods, 830, 832 
Baade-Wesselink method, 830 
gravitational lenses, 832 
Sunyaev-Zeldovich effect, 83 1 

using distance indicators, 830 
distribution of mass in clusters 

bremsstrahlung X-ray emission and, 671 
Doppler shift formula, relativistic, 262 
Dreicer field, 615 
'drop-out' galaxies, 806, 814 
Drude model, see electrical conductivity of a 

fully ionised plasma, Drude model for 
Drury instability, 629 
dust, see interstellar dust 

sublimation temperature of, 714 
dust emission in millimetre and submillime- 

tre waveband, 17 
dust extinction of galaxy spectral energy dis- 
tribution, 807, 809 
dust shells about giant stars, 83 
dwarf novae, see cataclysmic variables, dwarf 

novae 
dynamical friction, 143, 165-167, 678 

clusters of galaxies and, 167 

galaxies and, 167 

globular clusters and, 167 

limits to collision parameters and, 166 

regular clusters of galaxies and, 167 
dynamical timescale of a star, 46 
dynamics of a charged particle in a magnetic 
field 

with small scale fluctuations, 203 

early-type galaxies, 87, 89 
mass distribution in, 135 
Earth's magnetosphere, see magnetosphere of 
Earth 



eclipsing X-ray binary with stellar mass black 

hole, 481 
eddies, turbulent, 496 

Eddington limiting luminosity, 79, 452, 486- 
488, 490, 491, 495, 502-504, 511, 512, 
515, 521, 527, 535, 669, 670, 693, 696, 
718,720,721,734 
effective aperture of an antenna, 849, 854 
effective temperature T cff , 39, 53 
effective temperature of relativistic gas, 240 
Effelsberg 100-m radio telescope, 404, 569, 

677 
EGRET source catalogue in Galactic coordi- 
nates, 766 
8-10 metre optical-infrared telescopes, 7 
Einstein angle, 130, 133 
Einstein coefficients for spontaneous and stim- 
ulated emission and stimulated absorp- 
tion, 187, 242 
relations between, 274 
Einstein radius, 130, 133 
Einstein ring, 129-131 
Einstein X-ray Observatory, 27, 78, 123, 656 
Einstein-de Sitter world model, 800 
electric dipole moment, 172 
electrical conductivity of a fully ionised plasma, 
333-334, 338, 354, 355 
dissipation of energy and, 354 
Drude model for, 330, 333 
including effect of electron-electron colli- 
sions, 334 
Lorentz approximation for, 333 
electrical conductivity of metals 

typical values for, 334 
electromagnetic field 

energy density of, in a medium, 294 
Electromagnetic Processes (Gould), 141 
electromagnetic showers, 292, 299-302 
critical energy E c for, 300, 301 
degradation of energy by ionisation losses 

at low energies, 300 
degradation of energy through the atmo- 
sphere, 300 
properties of, 300, 302 
simple model for, 299 
total number of particles with depth through 
a medium, 301 
electromotive force, 198, 334-336 
electron cyclotron radiation features in the X- 

ray spectra, 511 
electron degeneracy pressure, 76, 84, 413 
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electron scattering, see Thomson scattering, 

502, 503, 721 
electron-photon cascades, see electromagnetic 

showers 
electron-positron annihilation line from the 
direction of the Galactic Centre, 304, 305 
electron-positron pair production, 297-299 
cross-section at intermediate photon ener- 
gies, 297 
cross-section in the ultrarelativistic limit, 

298 
impossibility in free space, 297 
radiation length for, 298 

similarity of radiation length for bremsstrahlung 
and for, 298, 299 
electron-positron annihilation, 302-305 
annihilation at rest or in flight, 303 
broadening of y-ray lines, 304 
cross-section for 

in extreme relativistic limit, 305 
thermal electrons and positrons, 305 
maximum and minimum energies of pho- 
tons, 304 
of positronium atoms, 304 
electron-positron annihilation line, 318, 320 
electron-positron, or electromagnetic, cascades, 

571 
electrostatic encounters between charged par- 
ticles, 614 
emission from the Earth's atmosphere r atm , 

854 
emissivity k v , 186 

in terms of elementary atomic processes, 
188 
emissivity of telescope in infrared waveband, 

850 
encircled energy fraction, 842, 843 

for circular mirror with central hole, 846 
with varying wavefront errors, 843 
end-points of stellar evolution, 84 
energies, useful conversion formulae, 855 
energy densities in high energy particles and 
magnetic fields in the Galaxy 
roughly equality of, 570, 571 
energy density of starlight in our Galaxy, 589 
energy dissipation rate by viscous forces, 498 
energy generation, 53 

energy loss processes for high energy elec- 
trons, 585-590 
adiabatic losses, 587-588, 590, 591 
bremsstrahlung, 586-587, 590, 591 



inverse Compton scattering, 589-591, 593, 

594 
ionisation losses, 586, 590, 591, 593 
maximum lifetime of high energy electrons 

anywhere in the Universe, 589 
relative imporance of inverse Compton scat- 
tering and synchrotron losses, 589 
synchrotron radiation, 542, 588, 590, 591, 

593, 594 
under interstellar conditions, 590 
energy transport in stars, 50-53 
enthalpy per unit mass, 346 

for perfect gas, 346 
entropy of plasma 

conservation of, 338 
equation of continuity, 622 
equation of hydrostatic support, 113, 492 
equation of mass conservation, 113 
equation of state of stellar material, 44, 53, 

58 
equations of stellar structure, 53-56, 435 
equidistant azimuthal polar projection, 7, 827, 

828 
equipartition theorem, 672 
equivalent current loop for particle gyrating 

in magnetic field, 197-199 
equivalent noise temperature T n , 852 
EROS project, 138 
escape time of high energy particles in the 

Galaxy, 592, 593 
ESO 3.5 m New Technology Telescope, 680 
ESO-SERC Southern Sky Survey, 110 
Euler's constant, 184 
Euler-Lagrange equations, 689 
European VLBI network, 747 
evaporation time for a cluster of stars, 678 
Evidence for the occurrence of violent events 
in the nuclei of galaxies (Burbidge, Bur- 
bidge and Sandage), 648 
evolution of active galaxies with cosmic epoch, 
787-798 
extragalactic radio sources, 787-792 
'luminosity evolution', 790 
cut-off of strong evolution beyond red- 
shift z ~ 2 - 3, 791, 792 
for sources with steep and fiat radio spec- 
tra, 790 
luminosity-dependent density evolution, 
791,792 
radio quiet quasars, 792-793 
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evolution of galaxies and active galaxies with 
cosmic epoch, 781-813 
mid and far-infrared number counts, 807- 

810 
active galaxies, 782, 787-798 

extragalactic radio sources, 787-792 
radio quiet quasars, 792-793 
X-ray clusters of galaxies, 798 
X-ray sources, 794-798 
brief history of evidence for, 781-782 
co-evolution of stellar and black hole prop- 
erties of galaxies, 782 
counts of galaxies, 800-807 
counts of galaxies and active galaxies, 783- 
793 
euclidean source counts, 783 
for standard world models, 800 
predicted, for standard world models, 783- 

784 
submillimetre counts of dusty galaxies, 
810-812 
stellar and gaseous components of galax- 
ies, 782 
submillimetre number counts, 810-813 
V/V max or luminosity-volume test, 786-787 
excess of faint blue galaxies 

irregular nature of, 806 
exoplanets, 74-76 

Doppler technique for discovering, 74 

highly elliptical orbits of, 75 

Jupiter mass planets very close to parent 

stars, 75 
occultation technique for discovering, 75 
problems of accounting for orbits of, 75 
EXOSAT X-ray telescope, 489, 523, 527 
explosive nucleosynthesis, 73 
extensive air-showers, 323, 571 
extinction 

role of absorption and scattering, 378-381 
extinction by interstellar dust grains, 8, 10 

extinction coefficient, 10 
extinction curves, 378 
extinction efficiency Q, 380, 381 
extragalactic radio sources, 723-744 

astrophysics of FR2 radio sources, 730-738 
energetics and energy densities, 731-733 
gas dynamics of FR2 radio sources, 736- 

737 
synchrotron losses and time-scales, 733- 

735 
synchrotron radiation and, 730-735 



young FR2 radio sources, 737-738 
extended radio sources - Fanaroff-Riley types, 

662, 723-729 
extended sources 

Fanaroff-Riley types, see also Fanaroff- 
Riley Type 1 (FR1) and Type 2 (FR2) 
radio sources 
FR1 radio sources, 740 
jet physics, 742-744 

electromagnetic processes in black holes 

and, 742, 743 
gas dynamical processes and, 743 
magnetic instabilities and, 743 
rotation of black holes and, 742 
twin-exhaust model for, 743, 744 
luminosity function of 

evolution with cosmic epoch, 789-792 
microquasars, 740-742 
properties of, 723-729 

classical double radio sources, 727 
compact nuclear radio sources, 723, 725 
hot spots, 723, 725 

members of rich clusters of galaxies, 725 
radio jets, 723 
radio lobes of, 723 
radio-trail radio sources, 727 
self-similar structure of FR2 radio sources, 

725 
spectra of, 723 

surrounded by hot intergalactic gas, 723, 
725 
radio emission of spiral galaxies, 728 
radio emission of starburst galaxies, 728 
radio luminosity function of, at present epoch, 

728, 729 
relativistic jets in, 723 
Extreme Ultraviolet Explorer (EUVE), 24 

Faber-Jackson relation and fundamental plane, 
96-97 
and the distances of galaxies, 97 
Fanaroff-Riley Classes, 729 

dividing radio luminosity as a function of 
absolute optical magnitude of host galaxy, 
728 
radio luminosities of Types 1 and 2, 727, 
728 
Fanaroff-Riley Type 1 (FR1) radio sources, 
726, 727, 738-740 
asymmetric structures on small scales, 739 
deceleration of relativistic beams in cores 
of, 739, 740, 758 
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relativistic beaming in cores of, 739 
relativistic motions in, 757 
role of buoyancy in, 738 
X-ray images of cavities inflated by buoy- 
ancy, 739 
Fanaroff-Riley Type 2 (FR2) radio sources, 
727, 730-738 
astrophysics of, 730-738 
compact symmetric objects (CSO), 73 1 
deviations from symmetry, 757 
energetics and energy densities, 731-733 
Cygnus A, 731-733 
equipartition magnetic fields in Cygnus 

A, 731-733 
minimum energy requirements for syn- 
chrotron radiation, 73 1 
minimum pressures in Cygnus A, 732 
pressure of hot intracluster gas, 732 
synchro-Compton radiation from hot-spots 
in Cygnus A, 732 
formation of cocoon in, 730 
formation of hot-spots in, 730 
schematic models for, 730, 731, 735, 736 
self-collimation of jets in, 731 
synchrotron losses and time-scales, 733- 
735 
continuous energy supply, 734 
in Cygnus A, 733 
particle acceleration in hot-spots of Cygnus 

A, 734 
rate of supply of energy, 734 
speed of advance of hot-spots, 734 
variation of spectral index in Cygnus A, 
733, 734 
Faraday depolarisation, 377-378 
Faraday rotation of linearly polarised radio 
signals, 376-378, 402-404 
direction of magnetic field and, 377 
estimates of the Galactic magnetic field and, 

377 
refractive indices of elliptically polarised 

waves, 376 
right- and left-handed elliptically polarised 

waves, 376 
rotation measure, 377 
feedback processes and the masses of giant 

elliptical galaxies, 685 
Fermi acceleration - original version, 616- 
622, 624, 626 
as a second-order process, 618 
average energy gain per collision, 618 



average rate of energy gain, 618 
broadening of energy spectrum by random 

colllisions, 620 
characteristic loss time r csc from accelera- 
tion region, 616 
exponential increase in energy, 618 
formation of a power-law energy spectrum, 

619 
head-on and following collisions, 617 

probabilities of, 617 
injection problem, 619 
ionisation losses and, 619 
magnetic mirrors and, 616 
modern version including interactions with 

plasma waves, 621 
problems with, 619-620 
injection problem, 619 
ionisation losses and, 619 
slow increase in energy of particles, 619 
why a standard power spectrum?, 619, 
620 
random scattering between cloud collisions, 

617 
relation between mean square energy change 
and increase in energy per collision, 
621 
second order Fermi acceleration, 622 
stochastic energy gains and, 616 
Fermi energy, 440 

Fermi Gamma-ray Space Telescope, 765, 769, 
773 
Large Area Telescope Bright Active Galac- 
tic Nuclei (AGN) Sample (LBAS), 765 
Fermi Large Area Telescope, 766 
Fermi momentum of a degenerate Fermi gas, 

433 
Fermi-Dirac distribution, 433 
Fermi-Thomas model of the atom, 190 
filling factor, 372 

fine structure constant, 147, 183, 252, 438 
Finkelstein coordinates, 473 
firehose instability, 629 
first adiabatic invariant, 199 
first point in Aries, 825 
first-order Fermi acceleration, see diffusive shock 

acceleration in strong shocks 
fluctuations in black body radiation, 852, 853 
fluctuations in the Cosmic Microwave Back- 
ground Radiation, 820 
Fluid mechanics (Landau and Lifshitz), 344 
fluorescent X-ray lines, 686-688 
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physics of, 686-687 

tracers of velocity field in accretion discs, 
687 
flux densities, luminosity, magnitudes and colours 

in astronomy, 833-837 
flux density, 834 
bolometric, 834, 836 
definition of, 833 
Fokker-Planck equation for stars in clusters, 

116 
Fokker-Planck equation for the diffusion of 
the particles in momentum space, 620, 
622, 627 
fold catastrophe, 133 

forbidden transitions in spectra of gaseous neb- 
ulae, 372-375 
critical density for, 375 
metastable energy levels and, 374 
radiative de-excitation and, 374 
Formation of Stars, The (Stahler and Palla), 

393 
48-inch Schmidt Telescope Palomar Sky Sur- 
vey (POSS), 109 
four-dimensional momentum space 

volume element of as a Lorentz invariant, 
274 
Fourier analysis, 845-848 
addition theorem, 845 
convolution theorem, 846 
Fourier transformation, 178, 179, 203, 221- 

223, 232 
Fraunhofer diffraction, 839 
for circular aperture, 840-842 

encircled energy fraction, 843 
for circular mirror or lens, 840 
for rectangular slit, 839 
for single slit, 839 
free-fall velocity in general relativity, 47 1 
free-free emission, see bremsstrahlung 
frequencies of galaxies of different types, 803 

in different galactic environments, 800 
frequency four-vector K , 752, 857 
fully convective stars 

stability criterion for, 66 
fundamental plane, 96-97 

Galactic Astronomy (Binney and Merrifield), 

86 
Galactic Centre, 8, 679, 826, 828 
black hole in nucleus of, 678-681 

mass density close to, 680, 681 



mass of, 680, 681 
infrared flares in, 681 
mass distribution in, 680, 681 
optical extinction to, 678 
orbit of star S2 about, 680, 681 
orbits of stars about, 679 
supermassive black hole in, 13 
galactic coordinates, 826, 827 
Galactic Dynamics (Binney and Tremaine), 

86 
galactic equator, 826, 827 
Galactic halo, 568-571 
galactic fountains and, 569 
observed in UV absorption lines of CIV 

and SilV, 568 
radio, 568 
galactic latitude (b), 826 
galactic longitude (/), 826, 828 
Galactic magnetic field, 248, 402-411 
aligned with local spiral arm, 407 
Faraday rotation in the interstellar medium, 

402-404 
large fluctuations in, 402, 403 
large-scale order in, 402, 403, 407 
magnetic flux density from pulsar rotation 

measures, 249 
mean magnetic flux density, 411 
North Polar Spur and, 407 
optical polarisation of starlight, 404-407 
radio emission of spinning dust grains and, 

408-410 
radio emission of the Galaxy and, 411 
summary of the information on, 411 
Zeeman splitting of 21 -cm line radiation 
and, 410 
galactic north pole, 826-828 
Galactic radio emission 
spectrum of, 593 
break in, 593, 594 

variations with location in Galaxy, 594 
galactic south pole, 827, 828 
galaxies, 85 

barred spiral SB, 86 
collisions between, 88 

colour-luminosity relation for elliptical galax- 
ies, 97 
correlations among the properties of, 95- 
98 
Faber-Jackson relation and fundamental 
plane, 96-97 
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mass-metallicity relation for galaxies, 97- 
98 

Tully-Fisher relation for spiral galaxies, 
96 
elliptical E, 86 

ellipticities of, 86 
gas phase metallicity-luminosity relation for 

late-type galaxies, 98 
Hubble sequence, 86-88 
interactions between, 109 
irregular, 86 
large-scale distribution of 

holes and voids in, 111 

sheets and filaments in, 111 
lenticular or SO, 87 

mass-metallicity relation for galaxies, 98 
masses of, 98 
normal spiral S, 86 
old red, see old red galaxies 
passive evolution of, 799 

importance of red giant branch, 798 
peculiar, 88 

red and blue sequences, 89-95 
ring, 88 
statistics of galaxies belonging to red and 

blue sequences, 95 
surface brightness distributions of, 91, 94 

discs, 91,92 

spheroids or bulges, 91, 92 
'tuning fork' diagram for, 86 
Galaxies in the Universe: an Introduction (Sparke 

and Gallagher), 86 
Galaxy 

dark matter in, 387 

mass of, 832 

radio emission of, 246-249 

radio disc, 247 

thickness of radio disc, 248 
rotation curve of, 387 
galaxy downsizing, 685 
Galaxy Formation (Longair), ii, iii, 86, 111, 

130, 140, 682, 832 
galaxy formation 

collisions between galaxies and, 819 

'down-sizing', 819 

feedback mechanisms and, 819 

growth of supermassive black holes and, 

819 
Lyman-break galaxies 

multicolour technique for discovering, 813 



observed global star formation rate, 813 — 
816 

star-forming galaxies and, 813 

starburst galaxies at large redshift, 813 
star and element formation and, 813-816 
star formation and, 819 
GALLEX solar neutrino experiment, 34, 63 
y-ray background emission 
Comptonisationand, 798 
spectrum of, 794 
7-ray bursts, 28, 419, 771-780 
afterglows 

discovery of, 773 

prediction of, 771 
afterglows of long and short bursts, 775 
anisotropy of emission, 778 
at very large redshifts, 773 
bimodal distribution of burst durations, 771, 
772, 775 

host galaxies of long and short bursts, 
775 
cartoons of evolution of, 779 
causality arguments and size of emission 

regions, 776 
collapsar model for, 780 
compactness parameter, 776 

relativistic beaming and, 777 
discovery of, 771-773 
energy releases of, 774 
evolution of X-ray afterglows, 775, 776 
extragalactic origin of, 773 
isotropy of distribution on sky, 771, 772 
long, 771-774 

association with core-collapse supernovae, 
775, 779, 780 

relativistic beaming factors for, 780 

time-lag for, 775 

Wolf-Rayet stars and, 780 
number counts of, 771 
physics of, 776-780 
probes of the reionisation era, 773 
properties of, 774-776 
relativistic bulk motion and, 776 
relativistic fire-ball model for, 776-777 

first-order Fermi acceleration in, 777 

relativistic shock waves in, 777 
relativistic jets 

break in afterglow light-curve, 779 

deficiencies of the standard models of, 
779 

energetics of models of, 779 
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evolution of, 778 
short, 771-774 

correlation with regions of low star for- 
mation, 775 
gravitational waves and, 780 
merger of compact binaries and, 780 
spectra of long and short bursts, 775 
supernova association, 773 
time evolution of synchrotron radiation sources 
and, 777, 778 
y-ray Cherenkov telescopes, 770 
y-ray observations of the Galaxy, 539, 550- 
554 
distribution of cosmic rays in the Galaxy 

and, 550-554 
luminosity of, 552 
pion production and, 551 

cross-section for, 55 1 
relativistic bremsstrahlung of ultrarelativis- 

tic electrons, 552, 553 
spectrum of y-ray s produced by inverse Comp- 

ton scattering of starlight, 552-554 
spectrum of y-rays produced from neutral 
pion decay, 551, 552 
y-ray sources in active galactic nuclei, 764- 
771 
association with blazars and superluminal 

sources, 653 
compactness parameter and, 767-768, 770 

relativistic beaming and, 768 
distribution of point y-ray sources, 764- 

765 
energy densities of radiation in, 767 
extreme variability of, 770 
y-ray photosphere, 767, 768 
hyperluminous, 669 
inverse Compton scattering and, 768 
luminosities of, 766 
photon-photon collisions in, 767-768 
relativistic beaming factor for, 769, 770 
relativistic jet models for, 768-771 
superluminal sources and, 765 
synchro-self Compton models for, 769 
TeV sources, 770 

types of object associated with, 765, 766 
variability of, 766, 767 
y-ray waveband, 27-29, 55 1 
y-ray line emission, 28 
Cherenkov detection technique, 29 
detectors for, 28 
gas dynamics of FR2 radio sources 



contact discontinuity and shock structure 
in, 736 

ram pressure and, 736 

role of cocoon in stabilising jets, 736, 737 

self-similar solutions and, 736 

speed of advance of hot-spots, 736 

waste energy problem and, 736 
gauge selection in electrodynamics, 175 
Gaunt factors, 121, 123, 184, 331, 334 

bremsstrahlung, 586 

for diffusion of particles in a plasma, 332 

for electrical conductivity of plasma, 332 

frequency averaged, 185 
Gauss's theorem for Newtonian gravity, 131 
Gaussian point-spread function, 844 
Gemini Deep Deep Survey, 817, 818 
Gemini North telescope, 480 
general relativity, 469-473 

conservation of angular momentum, 689 

dynamics of particles about point mass, 47 1 

radial motion of test particle in, 689 
GEO600 gravitational wave experiment, 36 
geodesic distance, 470 
giant branch, 41, 43, 44, 55, 69, 77, 81, 82 
giant molecular clouds, 341, 396-398 

formation of, 388 

in spiral density waves, 389 
percolation processes and, 389 
supernova explosions and, 389 
gigahertz peaked spectrum objects (GPS), 747 
Ginga X-ray observatory, 660 
globular clusters, 44, 76 

oldest, 77 

typical parameters for, 167 
Goldstake solar neutrino experiment, 34 
GOLF experiment of the ESA SOHO mis- 
sion, 58, 59 
Gran Sasso Laboratory, in Central Italy, 63 
grating telescope, 848 
gravitational deflection of light rays, 132, 133 

by the Sun, 129 

collision parameter for, 129 
gravitational fine structure constant, 438 
gravitational lensing, 109, 832 

strong, 135 

weak, 133 
gravitational lensing by galaxies and clusters 
of galaxies, 129-135 

caustics and cusps in, 133 

cluster masses from, 133 

critical surface density for, 132 
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distortion of background images by, 133 
galaxy-galaxy imaging and, 135 
necessary conditions for, 131 
Gravitational Lensing: Strong, Weak and Mi- 
cro (Schneider, Kochanek and Wambs- 
ganss), 131 
gravitational redshift, 667, 688, 689, 691, 692 
gravitational relaxation time r r , 165-167 
grazing incidence optics, 23, 25 
Great Observatories Origins Deep Survey (GOODS), 

802,803,815 
grey-body spectrum, 807, 809 
Grotrian diagram, 374 
group velocity, 375 
guiding centre, 214, 229 
guiding centre motion, 197, 199, 203, 204 
gyration radius of cosmic ray protons in mag- 
netic field, 549 
gyrofrequency, 196, 375, 376 

non-relativistic, 197, 216, 222, 229, 230, 

746 
relativistic, 213, 216, 222, 232, 236 
gyroradius, 203 
and rigidity R, 204 

charged particle in magnetic field, 196 
gyroscopic precession about rotating black holes, 
475 

Hammer-Aitoff projection, 8, 9, 12, 14, 16, 

19, 24, 29, 828 
Handbook of Space Astronomy and Astrophysics 

(Zombeck), 141 
hard low mass X-ray binary stars, 304, 305 
Harvard spectral classification system, 41, 42 

spectra of main sequence stars in, 42 
Hawking radiation, 478 
Hayashi tracks, 66-69, 71 

for fully convective stars, 67 
HEAO-1 X-ray Observatory, 794 
HEAO-A2 experiment, 185 
HEAO-C satellite, 28 
HEAO-C2 cosmic ray experiment, 545 
HEAO-C3 cosmic ray experiment, 546, 547 
heat diffusion equation, 50 
Heisenberg's uncertainty principle, 147, 152, 

307,369,431-433 
helioseismology, 56-60 

acoustic or p-modes, 58 

gravity or g-modes, 58 

probing the structure of the Sun and, 58-60 
helium 



primordial nucleosynthesis of, 60 
cosmic abundance of, 43 
helium burning, 71,81 
helium flash, 81,438 
helium shell burning, 71 
Herbig-Haro (HH) objects, 398, 399 
Hercules X-l (HerX-1), 218, 443, 450, 451 
discovery records of, 45 1 
modulation of light curve, 527 
precession of rotation axis of neutron star, 

527 
unpinning of crust and magentic field from 
neutron superfluid, 527 
Hertzsprung-Russell diagram, 39-44, 55, 66, 
70,71,73,76-78,81-83 
for clusters of stars, 42 
for white dwarfs, 439 
theorist's, 76, 77 
HESS Cherenkov y-ray telescope array, 29, 

597, 769, 770 
Hess ultra y-radiation, 30 
HETE-2 satellite, 773 
hierarchical models of galaxy formation 

old red galaxies and, 818 
High Energy Astrophysics (Longair), ii 
high energy astrophysics 
definition of, 3 

modern physics and astronomy and, 3-5 
high energy electron energy spectrum in the 

local interstellar medium, 592-594 
high-mass X-ray binaries, 529-53 1 

capture, or accretion, radius for stellar wind, 

529, 530 
O and B stars in, 529 
properties of, 529 

X-ray luminosity due to accretion, 530 
highest energy cosmic rays, 571-584 
charges and masses of, 636 
chemical composition of, 576-578, 580 
correlation with nearby galaxies and active 

galaxies, 579-581 
Cosmic Microwave Background Radiation 

and, 574, 581, 583 
cut-off due to photonuclear interactions for 
nuclei, 583-584 
Monte Carlo calculations for, 584 
depth through atmosphere of maximum shower 

development X max , 571, 576-578 
detection by emission of fluorescent radia- 
tion, 572 
differential energy spectrum of, 573-578 
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distortion of spectrum due to photo-pair pro- 
duction, 582, 583 
fly's eye telescopes, 572 
Gaisser-Hillas function, 572, 576 
Greisen-Kuzmin-Zatsepin (GKZ) cut-off, 581- 
584 
at 5 x 10 19 eV for protons, 581 
gyroradius of, 578-580 

protons and iron nuclei, 579 
high energy neutrino production and, 581 
HiRes experiments, 572, 575-578, 582-584, 

635 
largest measured energies, 573 
maximum distance from which they origi- 
nated for protons, 581 
modification factor for, 582, 583 
photo-pair production dip, 582 
Pierre Auger Observatory, 572, 573, 575- 

580, 583, 584 
potential sites for acceleration of, 635, 636 
scattering of, by magnetic irregularities, 579 
slant path length, 571, 572, 576 
spread in depth through atmosphere of max- 
imum shower development RMS(X max ), 
576-578, 584 
superposition principle, 577 
upper limit to particle energy, 635 
Hipparcos astrometric satellite, 40, 830 
Homestake gold-mine, South Dakota, 61 
homologous stellar models, 53-54, 76 
energy generation rates, 53 
inadequacies of, 54 
horizontal branch, 43, 44, 77, 81 
evolution of stars on, 8 1 
mass loss and, 43 
hot gas in clusters of galaxies 
absence of cool gas in, 124 

associated with heating by radio lobes, 

124 
models to explain the, 124 
abundance of iron, 122 
characteristic cooling time for, 123 
cooling flows and, 123-125 
mass inflow rates of, 123 
cooling time of, 123 
distribution of, 119-125 
iron line FeXXVI from, 119 
sound waves in, 125 
HR diagram for stars, see Hertzsprung-Russell 

diagram 
Hubble Deep Field, 781, 801, 805, 806, 813 



Hubble sequence of galaxies, 85-88, 95 
correlations along, 95-98 

luminosity function of HII regions, 96 
neutral hydrogen, 95 
star formation rates and, 96 
total surface density and surface density 
of neutral hydrogen, 95 
Hubble Space Telescope, 21, 79, 82, 87, 131, 
135, 398, 414, 421, 429, 430, 632, 655, 
660, 673-675, 716, 725, 758, 773, 781, 
801,804,843,845,846,851 
Wide Field Camera of, 758 
Hubble Ultra Deep Field (HUDF), 781, 801- 

803,806,813-815,834 
Hubble's constant, 832 

from Sunyaev-Zeldovich effect, 129 
Hubble Space Telescope Key project, 832 
measured from power spectrum of fluctua- 
tions in Cosmic Microwave Background 
Radiation, 832 
Huygen's principle, 838 
Huygens' construction, 292, 293, 296 
Hydrodynamics (Lamb), 57 
hydrogen 

ionisation potential of, 47 
hydrogen recombination lines from warm com- 
ponent of the interstellar gas, 372 
hydrogen recombination lines in gaseous neb- 
ulae, 372-373 
Hj8 line of the Balmer series, 372 
very high order transitions, 372-373 
hydrogen shell burning, 71 
hydromagnetic waves, circularly polarised, 206 
hydrostatic equilibrium, 43, 53, 119, 120 
hydrostatic support, equation of, 45, 671 

1MB solar neutrino experiment, 35 

IMP-7 mission, 565 

IMP-8 mission, 565 

impedance of free space Z , 173 

Infrared Astronomical Satellite (IRAS), 11, 

13,83 
infrared cirrus, 14 
infrared luminosity function of galaxies 

evolution of, 807, 809 
Infrared Space Observatory (ISO), 807 
infrared waveband, 10-14 

all-sky images in, 12-14 

emission by dust grains at thermal infrared 
wavelengths, 13 

near infrared wavelengths in, 1 1 
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observing in, 10-11 
thermal infrared wavelengths in, 1 1 
wavelength windows in, 1 1 
initial mass function for stars, 393-396 
Miller and Scalo, 394 
Salpeter, 394 
inner Lagrangian point, 507, 509-511, 517, 

525,531 
instability strip, 81 
instantaneous rest frame, 173 
INTEGRAL y-ray observatory, 28, 218, 282, 

304,305,316,317,320 
intensity of radiation I v , 186 

definition of, 833 
interactions of high energy photons, 251-305 
intercloud medium, 372 
intercombination lines, 374 
interferometer 
eight-element 

power polar diagram of, 847 
four-element 

power polar diagram of, 847, 848 
grating telescope, 847, 848 
two-element, 846 

power polar diagram of, 847 
interferometry and synthesis imaging, 845- 

848 
internal energy per unit mass, 346 
International Linear Collider (ILC), 139 
International Ultraviolet Explorer (IUE), 23, 

78,369,430,650,699,709,711 
interplanetary magnetic field, 332 
interstellar chemistry, 22, 158, 368 
interstellar dust, 378-386 

217.5 nm absorption feature, 381 

associated with it — » n* transitions, 381 
condensed matter physics of, 406 
cross-section for scattering and absorption, 

381 
diffuse interstellar bands and, 379, 381 
electric charging of, 406 

coupling of grains and neutral particles 
through, 406 
electric dipole moments of, 409 
emissivity of heated, 383 
extinction law for, 378-379 
formation of interstellar molecules and, 381 
graphite grains and, 381 
heavy elements in the interstellar medium 
and, 378 



Mie theory of scattering and absorption, 380, 

381 
obscuration in our Galaxy and, 378 
optical depth for, 378 

ratio of total to selective absorption R v , 379 
reddening, 379 
reradiation of heated, 383 

star formation and, 383 
rotation frequency-grain radius relation 

for different phases of the interstellar medium, 
408, 409 
rotation speed of dust grains, 405-406, 409 
rotation speed of PAH molecules, 409 
selective absorption, 379 
shielding of molecules by, 391, 397 
silicate absorption features, 379 

at 9.7 and 18 //m, 381 
size parameter, 380, 381 
small grains in, 382 

transient heating of, 382 
sublimation temperature of, 378, 384 
water ice feature at 3.1 yum, 381 
wide range of grain sizes present in, 381 
interstellar gas 

average properties of, 363 
cooling mechanisms, 391 

bound-bound or bound-free emission, 391 

bremsstrahlung, 391 

in gaseous nebulae, 391 

interstellar dust emission, 391 

low lying energy levels of common ele- 
ments, 391 

molecular line emission, 391 
diagnostic tools 

21-cm line emission and absorption, 363- 
365 

column depth from X-ray absorption, 370 

dispersion measure of pulsars, 375-376 

Faraday rotation of linearly polarised ra- 
dio signals, 376-378 

ionised interstellar gas, 370-378 

molecular radio lines, 365-368 

neutral interstellar gas, 363-370 

optical and ultraviolet absorption lines, 
369-370 

permitted and forbidden transitions in gaseous 
nebula, 371-375 

thermal bremsstrahlung, 370-371 

X-ray absorption, 370 
heating mechanisms, 389-390 

collisions of old supernova shells, 389 
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cosmic rays and, 390 
ionisation rate by ionisation losses, 390 
other types of, 390 
supernova explosions, 389 
ultraviolet radiation of hot stars, 390 
high velocity clouds, 569 
hot component of, 389, 390 
overall picture of, 387-393 

large scale dynamics, 387-389 
overall state of, 392-393 
thermal instabilities, 393 
condition for, 392-393 
interstellar gas and magnetic fields, 363-41 1 
interstellar medium 

life cycle of stars and, 363 
phases of, 392 

cold neutral medium, 392 
coronal gas, 392, 393 
diffuse clouds, 392 
giant molecular clouds, 392 
HI clouds, 392 
intercloud medium, 392 
two-phase model for, 393 
interstellar molecules, 21 
hydroxyl molecule OH, 22 
line emission of, 18 
Introduction to Active Galactic Nuclei (Peter- 
son), 639 
An introduction to the ionosphere and mag- 

netosphere (Ratcliffe), 334 
invariant four- volume, 264 
invariant four-volume in four-momentum space, 

264, 274, 275 
inverse j8-decay, 421, 440, 441 
inverse Compton scattering, 261-268, 286, 534, 
617 
average energy of scattered photons, 267 
derivation of formulae for, 261-267 
energy density of radiation in moving frame, 

262-264 
geometry of, 261, 262 
maximum energy of scattered photon, 267 
of radio, infrared and optical photons, 267 
similarity of loss rate to synchrotron loss- 
rate, 265, 288 
spectral index of radiation of a power-law 
distribution of electron energies, 266 
spectrum of scattered radiation by a single 

electron, 266 
total energy loss rate of, 265 



inverse square laws of electrostatics and grav- 
itation, 165 
ion-acoustic instability, 359 
ionisation loss formula 

adapted for radiation damage density, 160 
ionisation losses of electrons, 158, 159 
maximum energy transfer per interaction, 
159 
ionisation losses of protons and nuclei, 143- 
167,321,330,390 
average energy loss per unit path length, 

145 
Bethe-Bloch formula, 153-154 
cancer therapy and, 158 
density effect, 154 

effects of polarisation of medium, 154 
energy spectrum of ejected electrons, 148 
heating of giant molecular clouds and, 143, 

158 
lower limit b min to collision parameters 
classical limit, 146 
quantum limit, 147 
mean energy loss rates in different materi- 
als, 155, 156 
minimum loss rate, 154, 155 
non-relativistic treatment, 144—148 
nuclear emulsions and, 159-160 
number of ion-electron pairs produced, 158 
particle detectors and, 143 
practical forms of the ionisation loss for- 
mulae, 154-158 
ranged and, 155, 157 
relativistic treatment, 149-154 
stopping power, 155 
straggling, 158 

upper limit h max to collision parameters, 145 
ionisation parameter U, 706, 707 
ionisation potential /, 147, 148, 155 
IRAM millimetre interferometer, Plateau de 

Bure, 398 
IRAS galaxies, 810, 811 

correlation between far-infrared luminos- 
ity and radio luminosity, 728, 730 
star formation and, 654 
IRAS infrared observatory, 386, 654, 728, 781, 

807 
Irvine-Michigan-Brookhaven (1MB) neutrino 

experiment, 426 
ISAAC infrared spectrograph of the ESO VLT, 

481 
isothermal carbon core, 7 1 
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isothermal gas spheres, 113-117, 132 

core radius, 115 

projected, 115 

singular, 132, 133 

structural index, or structural length, 114 

tidal radius of, 116 

truncated, 116 
isothermal helium core, 7 1 
Italian-Dutch BeppoSAX satellite, 773 

Jacobian for transformation between inertial 

frames of reference, 264 
James Clerk Maxwell Telescope (JCMT), 15, 

812 
James Webb Space Telescope (JWST), 1 1 
Jansky (Jy), 833 
Jeans' instability, 400^101 

fragmentation within giant molecular clouds, 

401 
time-scale for collapse, 401 
Jeans' length, 401 
Jeans' mass, 401 

Jet Propulsion Laboratory, 427, 428 
Jupiter, mass of, 74, 832 

K-correction, 783, 784, 801 
K20 survey of galaxies, 806, 817 

very red galaxies in, 818 
Kamiokande solar neutrino experiment, 34, 

35, 426 
KASCADE experiment 

Karlsruhe air-shower array, 633-635 
SYBILL 2.1 simulations, 634, 635 
Keck 10-metre telescope, 679, 805 
Kelvin-Helmholtz instability, 351, 737 
Kelvin-Helmholz time-scale, 48 
Kepler's laws of planetary motion, 387, 681, 

713 
Keplerian orbits, 492, 497, 498, 670, 671, 

673, 677, 679, 689 
Keplerian velocity, 495, 498, 505, 513, 515 
Kerr black holes, 474, 667, 691 

efficiency of energy conversion, 68 1 

y-ray bursts and, 780 

last stable orbit, 668 

maximum angular momentum of, 668 

maximum energy release, 476, 477, 485, 

668 
maximum redshifts of radiation from last 

stable orbit, 692 
maximum rotational energy which can be 
extracted from, 668 



predicted line shapes of fluorescent 6.4 keV 

line, 690 
surface of infinite redshift, 668 
maximally rotating case, 668 
Kerr metric, 474, 475 
kinetic energy per nucleon, 198 

ionisation losses and, 154 
King profiles for mass distribution in clusters, 

116, 117 
Kirchhoff's law, 371 

Klein-Nishina cross-section, 260-261, 291 
Kompaneets equation, 126, 272, 275-283, 285 
'current' of photons in phase space and, 

276 
diffusion coefficient for photons in phase 

space, 277 
diffusion of photons in phase space and, 

277-278 
expansion to higher orders in dn/dx, 286 
formation of power-law spectrum by ther- 
mal processes, 280 
formation of Wien peak, 278-280 
induced scattering and, 275 
Monte Carlo solutions of, 279 
photon conservation and, 276 
power-law solutions of, 280-282 
recoil effect and, 276, 277, 280 
recoil effect and induced scattering, 277 
solutions for %a> » AT, 280 
spectra of X-ray sources and solutions of, 
278-282 
Kramers opacity, 502, 503 
Kruskal coordinates, 473 
Kuiper Airborne Observatory, 15, 391 

Lagrangian formulation of classical dynam- 
ics, 200 
action integral in, 200 
Laing-Garrington effect, 663 
ACDM model of galaxy and structure forma- 
tion, 819-823 
problems with 

accounting for Faber-Jackson relation and 
Tully-Fisher relation, 821 
Lane-Emden equation, 114, 435, 436 
Laplace's equation, 464 
Large Bright Quasar Survey, 643 
Large Hadron Collider (LHC), 139 
Large Magellanic Cloud, 137 

distance from observations of SN 1987 A, 
430 
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Larmor's formula for radiation of accelerated 

electron, 173, 255, 408, 410 
laser emission, 853 

Laser Interferometer Gravitational-Wave Ob- 
servatory (LIGO), 36 
last stable circular orbit, 472, 473, 476, 477 
late-type galaxies, 87, 89 
'leaky box' model, 592 
Lectures on Physics, Vol. HI (Feynman), 272 
Leiden-Berkeley Deep Survey (LBDS), 791 
Lexan polycarbonate, 161 
Lienard-Wiechert potentials, 176, 221, 223, 
292 
doppler shift factor in, 223 
lifetimes of stars of different mass, 394 
light echo technique, 421, 596 
light, L, group of elements, 555 
light-year, definition, 829 
line blanketing, 97 
Lockman Hole survey field, 794 
long period variables, 82 
Lorentz factor, 152, 154, 159, 195, 198, 213, 
232, 245, 323, 471, 549, 564, 576, 577, 
581,582,586,746,856 
Lorentz force, 195, 200, 465 
Lorentz gauge, 175 
Lorentz transformations, 170, 624, 855 

inverse, 153, 263 
Lorentz transforms for electric and magnetic 

fields, 149-151,214-215 
Los Alamos National Laboratory, 771 
Low Ionisation Nuclear Emission Regions (LIN- 
ERS), 653, 675, 702 
low-mass X-ray binaries, 522-529, 535 
accretion disc corona, 524 
dependence of observed properties on an- 
gle of inclination, 523 
eclipses and 'dips' in X-ray light curves, 

522, 523 
quasi-periodic oscillations (QPOs), 527-529 

models for, 528-529 
thick absorbing screen about accretion disc, 

524, 525 
X-ray burst sources (bursters), 525 

comparison of accretion and thermonu- 
clear runaway luminosities, 525 
properties of, 525 
Type I, 525-527 
Type II, 527 
X-ray colour-colour diagram for, 528 
luminosity 



definition of, 836 
luminosity classes for stars, 42, 43 
luminosity distance, 682 
luminosity function of galaxies, 787 
luminosity function of stars, 393-394 
luminosity indicators for stars, 42, 43 
luminosity-temperature diagram for stars, see 

Hertzsprung-Russell diagram 
luminous infrared galaxies 

evolution of, 809 

Nl-015 

spectral energy distribution of, 807 
luminous infrared galaxy Nl-015 

spectral energy distribution of, 809 
Lundquist number, 357 
Lyman continuum absorption, 24 
Lyman limit for hydrogen, 24 

M31 (Andromeda Nebula), 101 
nuclear regions of, 673-674 

compact ultraviolet star cluster in, 673 
mass of black hole in, 673 
mass-to-light ratio in, 673 
M87 (NGC 4486), 25, 87, 640, 673, 725, 726, 
757, 758 
black hole in nucleus of, 673-675 

mass of, 673-675 
high energy astrophysical activity in, 673 
jet in, 640 

non-thermal optical jet of, 87 
velocity dispersion of stars in nuclear re- 
gions of, 673 
anisotropy of, 673 
M106 (NGC 4258) 

black hole in nucleus of, 675-678 
inevitability of, 678 
mass of, 678 
mass density in nucleus of, 68 1 
molecular torus in central regions of, 678 
water maser emission in, 675, 676 
conditions for, 676 
measurement of centripetal acceleration 

and, 677, 678 
rotation curve derived from, 676, 677 
Mach number, M, 347, 493, 495, 606, 622, 
631,633,734 
Alfven, 629 
MACHO project, 136, 137 
MACHOs, 136 

mean mass of, 137 
Magellanic Clouds, 487 
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MAGIC y-ray telescope, 771 
magnetars, 458 

magnetic fields in, 458 
magnetic buoyancy, 352-354 

formation of magnetic loops and, 354 
in a plane-parallel stratified atmosphere, 353 
magnetic dipole radiation, 462, 464, 465 

pulsars and, 446 
magnetic field fluctuations in interplanetary 
medium 
power spectrum of, 202, 203, 205 
magnetic field, energy density of, 336 
magnetic field, Galactic, 248 
magnetic fields 

in extragalactic radio sources, 20 
slowly varying, 197, 199, 200 
magnetic fields in our Galaxy, see Galactic 

magnetic field 
magnetic fields in supernova shock fronts, 628- 
629 
Bell-Lucek instability and, 628, 629 
equipartition with energy in high energy par- 
ticles, 629 
generation of strong, 628 
instability mechanisms for field amplifica- 
tion, 629 
X-ray emission from supernova shock fronts 
and, 628 
magnetic fluctuations generated by Alfven and 
hydromagnetic waves in interstellar medium, 
205-207 
physical model for, 205 
magnetic flux freezing, 334-344, 443, 464, 
504, 570, 628 
change of magnetic flux density with den- 
sity of plasma, 340 
diffusion time for magnetic field in a plasma 

and, 340 
magnetohydrodynamic approach, 337-342 
physical approach, 334-337 
similarity to adiabatic motion of charged 
particles, 201 
magnetic lines of force 
Faraday's concept of, 352 
magnetic flux freezing and, 334 
magnetic lines of force, reconnection of, see 
reconnection of magnetic lines of force 
magnetic mirroring, 199 

in the Earth's radiation belts, 199 
magnetic moment fi of the current loop, 198 
Magnetic reconnection (Priest and Forbes), 360 



magnetic reconnection, see reconnection of 

magnetic lines of force 
magnetic Reynolds' number, 341, 342 
'longitudinal', 357 
Lundquist number and, 357 
magnetic rigidity, see rigidity R 
magnetic tubes of force, 352 
magnetoactive medium, 376 
magnetohydrodynamics 
aspects of, 327-360 

derivation from microscopic description of 
particle dynamics in a magnetic field, 
201 
equations of, 337-338 
entropy equation, 338 
equation of continuity, 337 
force equation, 337 
Maxwell's equation, 337 
Ohm's law, 337 
magnetosphere of Earth, 349-352, 354, 730 
collisionless plasmas in, 35 1 
collisionless shocks in, 352 

plasma wave interactions in, 352 
magnetopause, 350 
magnetosheath, 351 
magnetotail, 351, 354 
neutral sheet, 351 
plasma sheet, 35 1 
shock wave discontinuity in, 351 
magnitude 

absolute, definition of, 836 
apparent, definition of, 833 
bolometric absolute, definition of, 836 
bolometric apparent, definition of, 834 
magnitudes in optical and infrared astronomy, 

833 
MAGNUM programme, 713 
main sequence, 41—44, 49, 54-56, 67-70, 76, 

78, 79, 837 
main sequence termination point, 42, 76, 81 
main-sequence lifetimes of sun and stars, 54— 

56 
Mariner 4, 202 
Markarian galaxies, 648 

catalogue of, 648 
maser action of interstellar molecules, 22 
maser emission, 853 
mass absorption coefficient for high energy 

photons, 298, 299 
mass conservation, equation of, 45 
mass distribution in galaxies 
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determination of, 67 1 

tracers of, 672 
mass function of a binary system, 454, 479, 

480 
mass loss 

formation of white dwarfs and, 413 

quiescent, 78 

rates of for massive stars, 79 
mass-luminosity relation 

main sequence stars, 41, 54, 56, 76 

stars, 394, 799 
mass-metallicity relation for galaxies, 97-98 
mass-to-luminosity ratio 

early-type galaxies, 135 
masses in astronomy, 10, 832 
masses of galaxies, 98 

rotation curves of spiral galaxies, 101 

virial theorem for galaxies and clusters, 99- 
101 
massive galaxies in clusters, 821 
Mathematical theory of black holes (Chan- 

drasekhar), 469 
Mauna Kea Observatory, Hawaii, 15 
Maxwell's equations, 174, 614 
Maxwellian velocity distribution, 184 
MCG -6-30-15, 489, 669, 685, 687 

broad asymmetric X-ray fluorescent line in, 
687 
relativistic effects in, 688 
McGill pulsar group, 458 
mean free path, 495 

for pitch angle scattering, 205 

of particle in a plasma, 330 

of a proton in the interplanetary medium, 
332 
mean free time between particle collisions in 

a plasma, 333 
Medium Deep Survey of galaxies (MDS), 805 
medium, M, group of elements, 555, 564 
megamasers, 675, 676 
metallicity Z, 76, 77, 97 
metals, 43 
meteorites, 161-164 

constancy of the flux of cosmic rays and, 
164 

exposure ages of, 164 

fossil tracks of cosmic rays and, 162-163 

Galactic cosmic rays and, 162, 164 

history of Solar System and, 161-164 

Solar cosmic rays and, 162, 164 
Mg 2 index, 97 



correlation with (B - V) colour, 97 
microquasars, 481, 740-742 

relativistic jets in Galactic black hole X- 
ray binaries, 740 
Mie theory of scattering and absorption, 380, 

381 
Mikheyev-Smirnov-Wolfenstein (MSW) effect, 

63,65 
Milky Way, 828 

Millennium galaxy catalogue, 91, 92 
Millennium Simulation, 820-822 

first quasar candidate, 822 
Miller and Scalo initial mass function, 394 
millimetre and submillimetre waveband, 14— 
18 

all-sky images in, 15-18 

Cosmic Microwave Background Radiation 
in, 15 

molecular lines in, 15 

observing in, 14-15 
millisecond pulsars, 443, 456-457 

as members of old galactic populations, 459 

discovery of, 457 

distribution in the Galaxy, 459 

in globular clusters, 457 

limit to spin-up of, 457 

location on P - P diagram, 457 

magnetic fields in, 457 

space velocities of, 459 

spin-up of, 457 
minimum energy requirements for synchrotron 
radiation, 599-603, 640 

as order of magnitude estimates, 602 

equipartition and, 601-602 
limitations of, 601-602 

filling factor and, 602 

minimum energy density in particles and 
magnetic field and, 602 

minimum total energy, 601 

simplified estimate for, 602 
Minkowski metric, 469 
MKK spectral classification system, 42 
modified Bessel functions 

of order 2/3 and 1/3, 227 

asymptotic expressions for, 23 1 

of order zero and one, 180 
asymptotic values of, 180 
molecular hydrogen 

distribution in the Galaxy, 388 
molecular radio lines, 365-368 
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list of molecules identified by their, 365- 
367 

maser action and, 365 

molecular doubling processes and, 367 

rotational ladder of, 367, 368 
molecules in the interstellar gas, 365-368 

acetylenic, 368 

CO as a tracer of molecular hydrogen, 368 

discovery of, 365 

electronic transitions of, 365, 367 

glycine, 368 

in large redshift quasars, 368 

list of known species, 365-367 

molecular hydrogen, 368 

rotational transitions of, 367 

self-shielding, 368 

shielding by dust, 367 

types of, 368 

unsaturated, 368 

vibrational transitions of, 367 
momentum four- vector P, 152, 153, 169, 170, 
857 

for electrons, 259 

for photons, 259, 302 
momentum impulse, 144, 145, 151, 181, 330 
morphological classification of galaxies, 85- 

88 
morphologies of clusters of galaxies, 109-1 12 
Mount Hopkins Observatory, Arizona, 13 
muons 

decay of, 322 

mean lifetime of, 323 

test of relativistic time dilation and length 
contraction, 323 

underground 

measurements of intensity and isotropy 
of cosmic rays from, 323 

N-galaxies, 641,649, 650 

negative pressure equation of state, 473 

neutral hydrogen 

21 -cm line emission of, 20 

21 -cm map of the Galaxy, 21, 22 

distribution in the Galaxy, 387-388 

neutral sheets, 351, 355, 356, 358 
thickness of, 357 

Neutrino Astrophysics (Bahcall), 61 

neutrino interactions 

charged current interaction (CC), 64, 65 

elastic scattering (ES), 64, 65 

neutral current interaction (NC), 64, 65 



neutrino oscillations, 63, 138 
in atmospheric n neutrinos, 65 
in terrestrial neutrino experiments, 66 
solar neutrinos and, 63-65 
neutrinos 

laboratory limits to the masses of, 138 
laboratory limits to the number of species 
of, 140 
neutrinos, solar, see solar neutrinos, 307 
neutron capture y-ray line at 2.223 MeV, 318, 

320 
neutron degeneracy pressure, 84, 413 
neutron drip, 440 

neutron production by (y, ri) interaction, 326 
neutron stars, 20, 76, 84, 341, 413, 439-443 
binding energy of, 414, 599 
cooling by neutrino emission, 460 
diffusion time for magnetic field from, 341 
discovery of, 444-458 
ellipticity e due to rotation, 463 
galactic population of, 458-460 
in X-ray binary systems, 450-454 
internal structure of, 439-443 
core region, 442 
inner crust, 442 
inverse /J-decay and, 440 
neutron liquid phase, 442 
outer crust, 441 
superconductivity and superfluidity and, 

442^143 
surface layers, 441 

zones within, with increasing density, 441- 
442 
magnetic dipole moment of, 446 
magnetic flux density of, 341 
mass estimates in binary star systems, 455, 

456, 479, 481 
predicted surface temperatures, 460 
rotating neutron superfluid and, 463 
pinning of quantised vortices in, 464 
quantisation of angular momentum, 463 
rotation of, 443 
rotational break-up speed, 443 
scale height of atmospheres of, 460 
thermal emission of, 460-461 
'truly isolated', 461 

X-ray emission from surfaces of, 460, 461 
neutronisation, 440 
Newton's law of gravity, 832 
Newton's laws of motion, 832 



INDEX 



929 



Nobeyama Radio Observatory, 45 m millime- 
tre telescope, 396 
noise power, 853 
fluctuations of, 853 
in thermal equilibrium, 852 
noise temperature 

of the receiving system r sys , 854 
non-electromagnetic astronomies, 34-36 
astroparticle physics, 36 
gravitational waves, 35-36 
neutrino astrophysics, 34-35 
non-linear diffuse shock acceleration, 629-633 
percursor region in, 630-633 

electron and ion temperatures in, 632 
Ha emission due to charge exchange in- 
teractions, 632 
Ha emission from, 632, 633 
self-similar solutions for, 630, 63 1 
non-relativistic gyroradiation, 216-219 
energy loss rate by, 216 
linear and circular polarisation of, 216, 235 
non-thermal radiation, 5, 213 
non-thermal sources 

spectra of, 233 
norm of four- vector, 177, 856 
north celestial pole (NCP), 825-827 
North Polar Spur, 247, 407 
northern celestial hemisphere, 826 
novae, 419, 521-522 
nuclear y-ray lines 

important, 319, 320 
nuclear cascades, 302 

number of particle produce in, 309 
nuclear deflagration, 522 
nuclear emission lines, 315-320 

44 Ti from supernova remnant Cas A, 317, 

318 
asymptotic giant branch stars, 316 
collisional excitation of nuclei, 318-320 
cross-sections for, 318, 319 
in the interstellar medium, 318, 320, 321 
decay of radioactive isotopes, 315-317 
astrophysically important examples of, 

315,316 
conditions for observability of, 315-316 
diffuse 26 Al and 60 Fe emission from the Galaxy, 

316,317 
diffuse 26 A1 emission from the Galaxy, 317 
explosive nucleosynthesis and, 316 
supernovae and, 316 
Wolf-Ray et stars and, 316 



nuclear emulsions, 159, 160 

development of, 159 

discovery of elementary particle and, 160 

silver bromide crystals, AgBr, 159 
nuclear energy generation rates in stars, 48- 

50 
nuclear interaction cross-section, 307, 308 
nuclear interactions, 307-326 

cosmic rays in the atmosphere, 321-326 

high energy astrophysics and, 307-310 

multiple scattering within nuclei, 308 

neutron production in, 308 

nuclear emission lines, 315-320 

nucleus-nucleus collision, 309-310 

pion and strange particle production in, 308, 
309 

spallation cross-sections, 310-315 

spallation fragments, 308 
nuclear interactions in the atmosphere 

mean free path for, 309 
nuclear interactions of high energy particles 
with nuclei of atoms and molecules, 143 
nucleonic cascades, 571, 577 

particle detectors and, 323 

total ionisation as a measure of energy of 
primary cosmic ray, 323 
nucleosynthesis 

explosive, 422-424 

in massive stars, 413 

late stages of, in massive stars, 421 

primordial, 136, 547 

shell burning, 419 

steady-state, 422-424 

synthesis of isotopes and, 422, 423 
Nucleosynthesis and chemical evolution of galax- 
ies (Pagel), 543 
nucleus, radius of, 307 
Nyquist's theorem, 852 

OB supergiant mass-loss rates, 529, 53 1 
observability of the sky in different astronom- 
ical wavebands, 5, 6 
observations in cosmology for Friedman world 
models 
flux density-redshift relations 

for starburst galaxies in the submillime- 
tre waveband, 810, 811 
occupation number, 264, 272-275 
as a Lorentz invariant, 274, 755 
for Bose-Einstein distribution, 273 
for Planck distribution, 273 
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in Rayleigh- Jeans region of Planck spec- 
trum, 273 

mean, 273 

spontaneous and induced processes and, 272 
OH/IR stars, 82 
old red galaxies, 806, 817-819 

constancy of masses with redshift, 818 

early formation of stellar populations of, 
819 

early starbursts, 818 

evidence for old stellar populations in, 8 1 8 

evolving stellar mass density and, 817 

massive, 817-819 

selected in the K waveband, 817 

star-forming galaxies at large redshift and, 
818 

stellar masses as a function of redshift, 817 
'onion-skin' chemical structure of massive stars, 

72 
opacity k of stellar material, 50-54 
optical and infrared wavebands used in ground- 
based astronomy, 835 
optical and ultraviolet absorption lines, 369- 
370 

curve of growth of, 369 

D lines of sodium, 369 

deficit of heavy element in the interstellar 
gas, 370 

deuterium and, 370 

Doppler broadening of, 369 

equivalent width of, 369 

H and K lines of calcium, 369 

highly ionised OVI and, 370 

molecular hydrogen and, 369 

radiation or natural broadening of, 369 
optical depth for radiation t, 188 
optical polarisation of starlight, 404-407 

alignment of interstellar grains and, 405- 
407 

as a function of galactic coordinates, 407 

degree of polarisation correlated with ex- 
tinction, 405 

maximum degree of, 404 

parallel to minor axis of grains, 405 
optical waveband, 7-10 

all-sky images in, 7-10 

observing in, 7 
optically, violently variable (OVV) objects, 
651 

associated with FR2 radio sources, 653 

properties of, 652 



Orbital Astronomical Observatories II (OAO- 

II), 369 
orbital migration, 75 

origin of cosmic rays in our Galaxy, 585-61 1 
The origin of the chemical elements (Tayler), 

543 
OSO III satellite, 28 
overdensity of galaxies about any galaxy, 92, 

93 
OVRO Millimetre Array, 127, 128 
oxygen burning, 71 

P(D) distribution, 787, 794 
P-Cygni profiles, 78-81, 521 
mass outflows and, 78, 79 
p-p chain, see proton-proton chain (p-p chain) 
paleogeomagnetic studies of Earth's magnetic 

field, 326 
Palomar 200-inch telescope, 7, 645 
parallax-second (orparsec, pc), definition, 829 
parallaxes, 829 
Parker instability, 569-571 

buoyancy and, 570 
Parker's loops, 570 
Parkes Radio Telescope, 448 
Parkes Selected Region (PSR) sample, 791 
Parseval's theorem, 177-178, 295 

applied to magnetic field fluctuations in in- 
terplanetary medium, 203 
spectral distribution of the radiation of an 
accelerated electron and, 177-178 
partial spallation cross-sections, see spallation 

cross-sections, partial 
particle-antiparticle annihilation, 302 
Pauli exclusion principle, 139 
P versus P diagram for pulsars, 448^150 
'graveyard' region of, 450 
as an evolutionary sequence for pulsars, 449 
death line for pulsars on, 450, 457 
pulsar equivalent of the Hertzsprung-Russell 
diagram, 448 
peculiar galaxies, 88 

strong gravitational encounters or collisions, 

88 
tails associated with prograde encounter be- 
tween galaxies, 88 
Penrose process, 477 
perchloroethylene C2CI4, 61 
perfect gas law, 120 

permitted and forbidden transitions in gaseous 
nebula, 371-375 
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excitation by ultraviolet emission of hot stars, 

371 
photoexcitation and photoionisation, 371 
temperature of emitting regions, r eas ss T+, 
371,390,391 
permittivity 

relation to refractive index n, 294 
Perseus cluster of galaxies, 26, 125, 727, 739, 
821 
Lya and Ly/J emission lines of highly ionised 

iron, Fe +25 in, 185, 186 
X-ray bremsstrahlung of hot intracluster gas 

in, 185 
X-ray spectrum of, 185 
Petrosian r-band luminosity, 94 
Petschek mechanism of magnetic reconnec- 

tion, 358 
phase space 

elementary volume of, 273 
photo-pair production, 581-583 
photo-pion production, 581, 582 

threshold for, 581 
photodisintegration of iron nuclei, 421 
photoelectric absorption, 251-255 
cross-sections for, 251-255 
spectra of X-ray sources at energies £ ~ 1 
keV, 251-255 
photoelectric effect, 25 1 
photoionisation 

cross-section for hydrogen atoms, 371 
photon loss processes 

summary of absorption coefficient for, 299 
photon-photon collisions, 302 

as a source of opacity for high-energy y- 

rays, 303 
cross-section for 

in the regime e ~ m e c 2 , 303 
in ultrarelativistic limit, 303 
theshold energy for electron-positron pair 
production, 302-303 
examples of, 303 
photon-photon interactions with extragalactic 
background radiation 
cut-off at y-ray energies, 769, 770 
limits to the extragalactic background in- 
tensity in the optical and infrared re- 
gions, 771 
photonuclear interactions for nuclei 
disintegration of the nuclei and, 583 
giant dipole resonce for, 583 
physical constants in SI units, 854, 856 



The physics of fully ionised gases (Spitzer), 

327,331' ' 
The physics of plasmas (Fitzpatrick), 327 
Physics of shock waves and high-temperature 
hydrodynamic phenomena (Zeldovich and 
Raizer), 344 
Pioneer missions of NASA, 344 
pionisation, see cosmic rays in the atmosphere, 

pion production 
pions 

decay of, 322 

mean lifetime of, 322 
pitch angle, 196, 203, 213, 215, 217, 220, 
222, 224, 227-230, 234-236, 245 

isotropic distribution of, 215, 235 
pitch angle scattering, 205 

physical model for, 204 
PKS 2155-304, 770 

Planck spectrum of black-body radiation, 5, 
186, 187, 270, 272, 273, 383, 500 

as a solution of Kompaneets equation, 278 
plane of the ecliptic, 825, 826 
planetary nebulae, 82-83 

central stars of, 83 

evolutionary tracks for, 83 

images of, 82 

mass loss and, 82 

mass loss events and the structures of, 83 
plasma frequency, 327-329, 375, 376 

angular, 327 
plasma physics 

aspects of, 327-360 

elementary concepts in, 327-334 
Plasma physics for astrophysics (Kulsrud), 327, 

360 
plasma sheet, 351 

Plummer model for elliptical galaxies, 1 16 
point-spread function, 844 
Poisson statistics, 849 
Poisson's equation 

for gravity, 116,401 

in electrostatics, 329 
polars, 218 

polycyclic aromatic hydrocarbon (PAH) molecules, 
381-383,807,809 

planes of hexagonal benzene rings and, 383 

unidentified infrared lines and, 382 
polytropes, 435 
poly tropic index, 435 
positron production mechanisms, 302-305 
positronium atoms, 304 
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positrons 

sources of, 302 

creation of electron-positron pairs, 302 
decay of tt + pions, 302 
decay of long-lived radioactive isotopes, 
302 
Poynting jets, or outflows, 762, 763 

highly relativistic collimated flows and, 763 

plasmoids and, 763 

velocities of, 762 
Poynting vector, 172, 294, 295 
Poynting's theorem, 256 
precessing jet in SS 433, 741, 742 
principle of detailed balance, 186, 239 
Principle of Equivalence, 470 
principle of jump rate symmetry, 272, 273 
Principles of Optics (Born and Wolf), 838 
probability density function, 849 
projected surface brightness, 121 
projections of celestial sphere onto a plane, 

825-829 
proper acceleration, 173, 177 
proper time 

in general relativity, 470-472 

in special relativity, 470 
proton decay, 426 

proton-proton chain (p-p chain), 49, 53, 55, 
56, 60, 63 

ppl, pp2 and pp3 branches, 60, 61 
protostars, 341, 383-386 

accretion shock in, 384 

as intense far infrared sources, 384 

diffusion time for magnetic field from, 341 

dust photosphere of, 384 

hydrostatic core of, 383, 384 

release of binding energy by far infrared 
emission, 384 

spectra of, 384, 385 

structure of, 383-384 
pulsar glitches, 447, 461^64 

changes in moment of inertia of neutron 
star and, 461 

glitch function, 462 

healing parameter, 462 

migration of quantised vortices and, 464 

spin-up following, 462 

time constant of t c , 462, 463 

starquakes and, 463 

two-component model of interior of neu- 
tron star and, 461, 463 
pulsar magnetosphere, 464-467, 742 



beaming of radio emission and, 466 

closed field lines in, 465 

corotation radius, 465 

critical field line, 466 

dominated by electromagnetic forces, 465 

inevitability of fully conducting plasma sur- 
rounding, 465 

inner and outer acceleration gaps, 467-469, 
616 
limited by pair production processes, 616 
radio emission from, 468 

light cylinder, 465, 466 

magnetic field distribution in, 465, 466 

open field lines in, 465, 466 

polar cap regions of, 465, 466 
potential differences in, 467 
sparks in, 468 

space charge distribution in, 465 

strong electric fields in, 465 

zero charge cones, 465, 466, 468 
pulsars, 376 

ages from braking index, 447 

ages of, 447 

anomalous X-ray, 458 

as magnetised, rotating neutron stars, 444, 
446, 464 

as spiral arm populations, 459 

associated with supernova remnants, 459 

binary, 454-456 

dispersion measures of, 459 

high velocities of 

asymmetric supernova explosions and, 509 
disruption of binary systems and, 509 

incoherent infrared, optical and X-ray emis- 
sion from outer gap regions, 468 

kinematic ages of, 459 

large velocities due asymmetric collapse of 
core-collapse supernovae, 459 

large velocities due to disruption of close 
binaries, 459 

luminosity function of, 460 

magnetic flux density from slow-down rate, 
448-450 

millisecond, 443, 456-457 

normal radio, 444-450 

P versus P diagram, 448-450 

radio emission of, 443 

rate of loss of rotational energy, 448 

rates of formation of, 460 

scale-height in the Galaxy, 459 

space densities of, 460 
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space velocities of, 459 
spin-up, 449, 513, 515 

by accretion, 515 

maximum rotation rate and, 515 
spin-up rate-luminosity relation, 514, 515 
timing noise, 461 

quantisation of rotational angular momentum, 

367 
quantum theory of gravity, 473 
quark matter, 442 
quasar spectra 

blue bump, 698-700 
Comptonisation and, 700 
Lyman-a emission line, 643-645 
Lyman-ff forest and, 644 
optical spectrum of 

synchrotron radiation and, 700 
prominent emission lines in, 644 
quasars, 20, 641-648, 698 

bolometric luminosities of, 681 
bolometric luminosity function of, 682 
composite optical spectrum for, 643, 697 
discovery of, 641-642 
early formation of supermassive black holes 

in, 819 
infrared, 699 

interacting galaxies underlying, 655, 656 
low-luminosity, 647, 792 
luminosity function of, 68 1 
number counts of, 682, 683 
optical-to-X-ray spectra of, 699 
radio quiet, see radio quiet quasars 
ratio of black hole to spheroid masses, 819, 

821 
techniques for discovering radio-quiet, 642- 

658 
3CR sample of radio, 789 
Quasars and Active Galactic Nuclei - an In- 
troduction (Kembhavi and Narlikar), 639 
quasi-stellar radio sources, see quasars 
Quasi-stellar Radio Sources and Gravitational 
Collapse (Robinson, Schild and Schiicking), 
642 

radiation damage, 143, 160-164 
in plastics and meteorites, 160-164 
polymers and, 160 
radiation damage density J, 160, 161 
radiation of accelerated charged particles, 1 69- 
178 
from Maxwell's equations, 174-176 



J.J. Thomson's treatment, 170-173 
loss rate of, 214 
non-relativistic, 170-176 
polar diagram of, 173 
polarisation of, 173 
properties of, 173 
relativistic, 176-177 
relativistic invariants, 169-170 

total energy loss rate, 169, 170, 190 
total energy loss rate of, 173 
radiation pressure in stars, 51, 54 
Radiation Processes in Astrophysics (Rybicki 

and Lightman), 141 
radiation resistance, 853 
radiation-driven pulsational instability for mas- 
sive stars, 79 
radiative transport of energy in stars, 50-52 
radio emission of spinning dust grains, 408- 
410 
Galactic background radiation and, 409- 
410 
radio emission of the Galaxy, 246-249, 854 
comparison with predicted emission using 
local energy spectrum of cosmic ray 
electrons, 248 
determination of radio spectrum and radio 

emissivity, 247-248 
discovery of, 639 
radio emissivity of, 248 

in direction of opaque regions of ionised 
hydrogen, 248 
radio spectrum of, 247 
synchrotron radiation and, 640 
radio galaxies, 640 

broad-line (BLRG), 650, 651, 698, 789 
differences between broad-line, and Type 1 

Seyfert galaxies, 650-651 
discovery of, 19 
emission spectra of 

large diffuse clouds and, 702 
energy requirements of, 19 
evidence for old stellar populations in, 8 1 8 
extended emission line regions in, 65 1 
giant elliptical galaxies, 728 
high energy astrophysics and, 639-640 
narrow-line (NLRG), 650, 659, 698 
properties of, 723-728 
3CR sample of, 789 
radio map of the sky, 246 
radio pulsars, 20, 84 

brightness temperatures of, 467 
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coherent radiation of, 467 
maser emission of, 467 
radio emission of, 467-469 
curvature radiation and, 468 
electron/death line and, 468 
electron/positron-photon cascades and, 
468 
radio quasars, 745 

properties of, 723-728 
radio quiet quasars, 656 
counts of, 646, 647, 792 
cut-off at large redshifts, 645, 793 
definition of complete samples of, 647 
completeness of, 647 
dispersion prism-grating techniques, 645 
multi-colour photometric technique, 644- 

645 
searches for '/-band drop-outs', 645, 793 
searches for Lyman-** and CIV emission 

lines, 645-646 
searches for variability of, 646-647 
ultraviolet excess technique, 643-644 
discovery of, 642, 792 
evolution of, with cosmic epoch, 645, 792 
luminosity function of 

'luminosity evolution' of, 792 
evolution of, 647, 792, 793 
radio sources, compact 
flat-spectrum, 651 
synchrotron self-absorbed, 65 1 
synchrotron self-absorbed, and radio quasars, 
651 
radio waveband, 19-23 

neutral hydrogen and molecular line astron- 
omy, 20-22 
observing the sky in, 22-23 
origin of high energy astrophysics and, 19- 
20 
Radiocarbon, 325 
radiocarbon dating, 324-326 
calibration of, 325 

impact of nuclear test explosions, 326 
influence of Earth's magnetic field, 326 
using coral samples, 326 
using tree ring dating, 325 
detection of supernovae in tree-ring data, 
326 
radionuclides, 307 
radius of curvature 

instantaneous, 222, 224, 225, 229 
ram pressure of the intracluster gas, 727 



range R of high energy particles, 155 

in different materials, 157 
rapid or r-process, 72, 424 

formation of elements beyond the iron peak 
and, 424 

proto-neutron stars and, 424 
ratio of specific heat capacities 

for non-relativistic degenerate gas, 432 
Rayleigh criterion for resolving two point sources, 

843 
Rayleigh scattering, 380, 381, 659 
Rayleigh-Jeans region of Planck spectrum, 189, 

240 
Rayleigh-Jeans spectrum, 501, 777 
Rayleigh-Taylor instability, 419, 607, 609, 610 
recoil effect, 260, 268, 280 
reconnection of magnetic lines of force, 351, 
354-360 

diffusive time-scale, 358 

formation of current filaments by tearing 
mode instabilities, 359 

ohmic losses, 355 

Petschek mechanism, 358 

reconnection velocity, 357, 358 

self-consistency of models for, 360 

Sweet-Parker mechanism for, 355-358 
rectangular one-dimensional aperture 

diffraction pattern of, 840 
red and blue sequences of galaxies, 89-95 

colour and absolute magnitude, 89-9 1 

effect of galaxy environment, 92-93 

mean stellar age and concentration index 
C, 93-95 

Sersic index and colour, 91-92 

statistics of galaxies belonging to, 95 
red sequence, 89 

preferentially found in rich cluster environ- 
ments, 93 

properties of galaxies of, 89 
Red-Sequence Cluster Survey, 135 
redshift 

gravitational, 47 1 
reduced mass of molecule, 367 
Rees diagram, see black holes in the nuclei of 

galaxies, growth of, Rees diagram 
reference frames in standard configuration, 148, 

149 
Reissner-Nordstr0m metric, 474 
relativistic aberration, 220, 754 

formulae, 220, 221 
relativistic beaming, 750-758 
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distortions of dipole polar diagram, 755 

foreshortening effects, 757 

frequency shift of relativistically moving 

source component, 755-756 
relative intensities of identical components 

ejected in opposite directions, 756 
relativistic ballistic model and, 750-756 
frequency shift of the radiation, 752-753 
frequency wavebands, 753 
kinematics of, 750-752 
maximum transverse velocity, 75 1 
relativistic beaming effects, 752-755 
solid angles, 754, 756 
time intervals, 753-754 
relativistic jets, 756-757 

model dependence, 757 
relativistic transformation of 
black-body spectrum, 755 
brightness temperature, 755 
intensity of radiation, 754-755 
power-law spectrum, 756 
synchrotron radiation and, 220-222, 226, 

232 
synchrotron self-absorption in relativistic 
jets, 757 
relativistic Doppler shift, 689 
relativistic invariants, 169-170 

total energy loss rate, 169, 170, 177, 190, 
215 
relativistic jets 

heating of the interstellar gas by, 821 
relativistic kinetic energy, 857 
relativistic length contraction, 182 
relativistic Maxwellian distribution, 240 
relativistic plasma, 20 
relativistic three-momentum, 197, 200, 857 
relativistic total energy, 857 
relativistic transformation of an inverse square 

law Coulomb field, 149-151 
Relativity: Special, General and Cosmologi- 

cal (Rindler), 855 
relaxation time of particles in a plasma, 331— 

333 
retarded potentials, 294 
retarded time, 176, 223 
Reuven Ramaty High Energy Solar Spectro- 
scopic Imager (RHESSI), 318, 320 
reverberation mapping, 709-715 

cross-correlation functions for, 712-713 
infrared observations 

evidence for dusty torus, 714 



infrared observations of, 713 

isodelay surface, 710 

lags determined from, 710, 712 

stratification of ionisation structure from, 
713 

thermal reprocessing of X-ray emission and, 
715 

transfer function for, 712 

X-ray emission of Seyfert 1 galaxies, 700 
Reynolds number K, 494, 495 
Richtmeyer-Meshkov instability, nonlinear , 

629 
right ascension (RA or a), 825, 826 
rigidity, or magnetic rigidity, R, 197, 198, 204, 

579 
ring galaxies, 88 
Roche lobe, 502, 506-510, 524 

overflow, 80, 509, 516, 529, 531 
ROSAT All Sky Survey, 597 
ROSAT X-ray Observatory, 26, 27, 123, 461, 
597,657,781,794 

ultraviolet Wide Field Camera of, 389 

Wide Field Camera, 24 
Rosseland mean opacity, 52, 502 
Rossi X-ray Timing Explorer (RXTE), 458, 

489, 527, 531, 533, 692, 715, 749, 769 
rotation curves of spiral galaxies, 101 

constancy at large radial distances, 101 
rotation measure, 377, 402-404 

as a function of galactic latitude, 402, 403 

pulsar, 403, 404 
RR-Lyrae variable stars, 81 

masses of, 81 

Sersic index n, 91-93 
SAGE solar neutrino experiment, 34 
Sagittarius A* (Sgr A*), 678-681, 826 
angular size of, 679 
at dynamical centre of the Galaxy, 679 
infrared couterpart of, 681 
supermassive black hole in, 826, 827 
Salpeter initial mass function, 394, 800, 813, 

814 
SAS-2 y-ray satellite, 28, 552 
scalar potential <p, 174 
scale height of an atmosphere, 353 
scattering of charged particles by irregulari- 
ties in magnetic field, 202-205 
scattering of high energy particles by Alfven 
and hydromagnetic waves, 205-207, 567 
Schonberg-Chandrasekhar limit, or mass, 54, 
66, 799 
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Schechter luminosity function for galaxies 

turnover luminosity L*, 818 
Schmidt law of star formation, see Schmidt- 

Kennicutt law 
Schwarzschild black hole, 536 
Schwarzschild metric, 469-475 
Schwarzschild radius, 20, 450, 469, 471, 473, 
475, 484, 487, 488, 667-669, 681, 688, 
745, 770 
coordinate singularity in, 473 
physical singularity at r = 0, 473 
X-ray emission from the vicinity of, 26 
SCUBA submillimetre bolometer array, 15, 

812 
second-order Fermi acceleration, see Fermi 

acceleration - original version 
Sedov expansion phase of supernova remnant, 
605-607, 626 
dynamics of, 606 
seeing disc, 844 

variation in size with wavelength, 844 
self-collision time of particles in a plasma, 

331 
semi-analytic models of galaxy formation, 819— 
823 
as 'experimental computational astrophysics', 

820 
dust extinction and, 821 
epoch of maximum quasar activity and, 823 
formation of massive black holes in the nu- 
clei of galaxies and, 821 
formation of supermassive black holes and, 
823 
in centres of rich clusters, 823 
heating of the intergalactic gas in clusters 

and, 821 
nuclear starbursts and, 820, 821 
objectives of, 820 
quasars at large redshifts and, 822 
radiative cooling and star formation, 820 
spectrophotometric properties of galaxies 

and, 821 
supernova explosions and, 820 
two-point correlation function for galaxies 
and 
for different luminosities and colours, 821 
semi-forbidden transitions in spectra of gaseous 
nebulae, 374-375 
example ofC III], 374 
intercombination lines, 374 



sensitivities of astronomical detectors, 848- 
854 
in the photon limit, 849-85 1 
in the wave limit, 852-854 

increasing signal-to-noise by increasing 
bandwidth and integration time, 853 
optical and infrared detectors, 849-851 
radio and millimetre-wave receivers, 852- 
854 
Seyfert galaxies, 648-651, 653, 661 
counts of, 647, 792 
differences between Type 1, and broad-line 

radio galaxies, 650-65 1 
intermediate types, 649-650 
non-thermal spectra of, 697 
quasars and, 654 

spectropolarimetric observations and uni- 
fied schemes, 659 
Type 1, 647, 649-651, 655, 656, 658-660, 
698, 747, 792 
reverberation mapping of, 709-715 
X-ray spectra of, 692 
Type 2, 649, 650, 655, 658-661, 663, 698 
ULIRGs and, 654 
variability of continuum emission of, 648, 

650 
X-ray variability of, 669 
Shapiro time delay, 456 
shear stress, 493, 494 
shock excitation of emission line regions, 715— 

718 
shock waves, 344-349, 389, 622 
basic properties of plane, 345-348 
collisionless, 352, 627 
conservation relations for, 345 
energy flux conservation, 346 
mass conservation, 345, 346 
momentum flux conservation, 346 
explosions and, 344 
heating of gas to high temperatures and, 

348 
Mach number, At, 347 
oblique, 349 

passage of streamlines through, 350 
role of atomic or molecular viscosities, 348 
shock conditions, 346 
speed of sound and, 344, 345 
stand-off distance, 349 
strong, 347-348, 622, 623 
supersonic piston, 348-349 
shock waves, collisionless, 633 
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SI (Systeme International) system of units, 

141 
sidelobes, 844 
signal-to-noise ratio 

background-limited, 85 1 
dependence on size of telescope for differ- 
ent limiting cases, 851 
detector-noise-limited, 85 1 
in the presence of other sources of noise, 
850 
background signal from sky and telescope, 

850 
dark current in the detector, 850 
read-out noise, 850 
photon statistics and, 850 
photon statistics limit, 85 1 
signature of metric, 856 
silicate dust grains 

complex dielectric constant for, 381 
silicon burning, 72 

single-line spectroscopic binaries, 453, 480 
singularity theorems of Penrose and Hawk- 
ing, 473 
sky in different astronomical wavebands, 5 
Sloan Digital Sky Survey (SDSS), 4, 7, 85, 
89, 90, 92, 93, 98, 111, 645, 646, 775, 
782, 793 
slow or s-process, 72, 73 
Smithsonian SubMillimetre Array (SMA), 15 
Smoluchowski's envelope, 114 
soft y-ray repeaters, 458 
soft X-ray emission from the Galactic plane, 

391 
Solar and Heliospheric Observatory (SOHO) 

ofESA, 58, 59 
solar flares, 353 

y-ray spectrum of, 318, 320 
solar luminosity, 40 

Solar magnetohydrodynamics (Priest), 353 
solar mass, 40, 832 
Solar Maximum Mission, 427, 428 
solar modulation, 204, 205, 247, 390, 549, 
552 
cosmic ray energy spectrum and, 539 
diffusive-convective model for, 540 
electron energy spectrum and, 542 
solar neutrinos, 60-66 

chlorine detector for, 60, 61 

Davis experiment, 61 

GALLEX solar neutrino experiment, 63 

gallium experiments, 63 



Kamiokande II experiment, 62 
neutrino oscillations and, 63, 65 
SAGE experiment, 63 
solar neutrino problem, 61 
Sudbury Neutrino Observatory (SNO), On- 
tario, Canada, 64, 65 
SuperKamiokande experiment, 62, 63 
solar radius, 40 

solar seismology, see helioseismology 
Solar System abundances of the elements, 543- 
545 
local interstellar abundances, 543, 544 
meteoritic abundances, 543 
solar wind, 20, 78, 332, 342-344, 349, 465, 
540, 567 
high-speed winds observed in, 343, 344 
magnetic field in, 342 
magnetosphere and the, 349-352 

drag forces associated with, 35 1 
rotating garden sprinkler and trajectories of 

particles in, 342 
spiral configuration of magnetic field in, 
343 
out to 20-25 AU, 344 
typical properties of, 342 
Soudan Cryogenic Dark Matter Search (CDMS), 

36 
source function, 244 
south celestial pole (SCP), 825, 826 
South Pole Observatory, 15 
Soviet atomic and hydrogen bomb programme, 

275 
spallation, 162-164, 307, 542, 546, 547, 554 
formation of L from M elements, 556 
formation of radioactive isotopes in mete- 
orites and, 164 
formation of rare isotopes in meteorites and, 

162, 163 
path length distribution for, 557-558 
characteristic escape time r e , 557 
dependence upon cosmic ray energy, 561 
exponential, 557 
Gaussian, 557, 558 
isotopic anomalies, 563 
leaky box model for, 558 
truncated exponential, 558 
path length through interstellar gas for, 555 
production of 3 He from 4 He, 556 
products of iron nuclei, 556, 557 
radioactive products, 547 
slab model for, 555, 557, 558 
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spallation cross-sections, 310-315, 554 

dependence upon particle energy, 313-315 
for iron nuclei, 315 

features of, 313-315 

methods of determining 
experimental, 312 
Monte Carlo techniques, 312 
semi-empirical relations, 312 

partial, 310-315, 554, 555 

total inelastic, 310, 313 

weighted average total inelastic, 556 
spallation fragments, 308 

relativistic, 309, 310 
special relativity 

notation, 855-857 
specific angular momentum, 47 1 , 473 

in general relativity, 474 
specific heat capacities, 338 

ratio of, for perfect gas, 240 

ratio of, for relativistic gas, 240 
specific volume, 346 
speckles, 845 
spectral energy distribution of galaxies 

evolution of, 798-800 

in far infrared and submillimetre wavebands, 
810,811 
spectral index, 234, 239 
spectrum of radiation of an arbitrarily moving 

electron, 223-224 
spin temperature for 21 -cm absorption, 365 
spinning dust grains 

radio emission of, 408-410 
spiral arm tracers in the Galaxy, 388 
spiral galaxies 

radio haloes of, 568 
Spitzer Space Telescope, 11, 596, 781, 807 
spontaneous and induced processes, 272, 274 

rules for, 272, 274 
stand-off distance in shock waves, 344, 349, 

350 
standard wavebands used in ground-based as- 
tronomy, 834, 835 
star clusters 

ages of, 76 

open, 76 
star formation, 84, 393-402 

angular momentum problem, 400 

energy problem, 400 

initial mass function, 393-396 

issues in the theory of, 400-402 

Jeans' instability, 400-401 



magnetic field problem, 400 
model for, 384-386 

pre-main sequence evolutionary tracks, 78 
pre-main sequence stars and, 385, 386 
regions of, 396-398 
Schmidt-Kennicutt law, 393-396 
star formation in molecular clouds 

radiation of heated dust grains at infrared 

wavelengths as a signature of, 383 
role of interstellar dust grains, 383 
star-forming galaxies, 383 

spectrum of, 806 
starburst galaxies, 809 

ultraviolet spectra of, 813, 814 
starquakes, 463 

stars and stellar evolution, 39-84 
basic observations of, 39-43 
equations of energy generation and energy 

transport, 48-52 
equations of hydrostatic support and mass 

conservation, 45-46 
equations of stellar structure, 53-56 
evolution of high and low mass stars, 66- 
76 
high-mass stars, 69-73 
low mass stars, 69, 73-76 
Hayashi tracks, 66-69 
helioseismology and the internal structure 

of the sun, 56-60 
importance of mass loss, 79, 80 
mass loss, 77-84 
horizontal branch, 8 1 
overall mass loss rate, 83-84 
P-Cygni profiles and Wolf-Rayet stars, 

78-81 
planetary nebulae, 82-83 
observations of solar neutrinos, 60-66 
stellar evolution on the colour-magnitude 

diagram, 76-77 
stellar structure, 43-48 
Sun as a star, 56-66 
virial theorem for stars, 46-48 
statistical equation of motion for mean drift 
velocity of electrons in electric field, 333 
statistical equilibrium, 100, 832 
statistical weights, 187, 272 
Stefan-Boltzmann law, 39, 41, 51, 500, 830 
stellar coronae, 78 
stellar evolution 

formation of isothermal core, 66 
growth of central helium core, 68 
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hydrogen-shell burning, 66 

lower mass limit of 0.08 M G for hydrogen 

burning stars, 73 
of a 1.3 M star, 55 
of a 15M Q star, 420 
core collapse of, 421 
formation of iron core, 421 
neutrino luminosity of, 420, 421 
of a 5 M G star, 69, 70 
Stellar Magnetism (Mestel), 464 
stellar structure 

equations of, 43-56 
stellar winds, 78 
stellar X-ray sources in Magellanic Clouds 

X-ray luminosities of, 487 
Stokes' theorem, 355 
stopping power, 155 
straggling, 158 

structural index, or structural length, 114 
sub-dwarf stars, 43, 644 
sub-giant stars, 43 

Subaru 8.2-metre telescope, 417, 814 
Subaru Deep Surveys, 814 
submillimetre background radiation, 812 
Sudbury Neutrino Observatory (SNO), 35 
Sun 

central pressure of, 46 
corona of, 342 

main sequence lifetime of, 56 
minimum central temperature of, 47 
origin of magnetic field of, 60 
properties of, 40 
rotation of, 342 

speed of sound as a function of radius, 58- 
60 
Sun as observed from a relativistically mov- 
ing rocket, 752, 753 
sunspots, 353 

Sunyaev-Zeldovich effect, 282-286, 620 
Hubble's constant and, 284 
in hot intracluster gas, 109, 125-129, 284- 
286,831 
distance estimates using, 129 
in the Rayleigh-Jeans limit, 126 
shape of spectral distortions, 285, 286 
spectral shape of distortions, 126 
spectral signature of, 126 
SuZIE experiment and measurement of 

shape of spectral distortions, 286 
SuZIE experiment and measurement of 
spectral shape of distortions, 127 



in Rayleigh-Jeans region of the spectrum, 

283 
increase in energy density of the background 

radiation, 283 
physical nature of result in Rayleigh-Jeans 
spectral region, 284 
super-Alfvenic motions, 352 
superCDMS experiment, 140 
superclustering of galaxies, 111, 112 
superconductivity and superfluidity in neutron 

stars, 442-443 
supergiant stars, 43 

superluminal motions, 567, 669, see also rel- 
ativistic beaming, 747-750 
in microquasars, 481 
observed properties of, 749 
bends and kinks in jets, 749 
core-jet structures of, 749 
range of superluminal speeds, 749 
streams of components along same axis, 
749 
pattern speed, 750 
shocks in superluminal jets, 750 
standard model for, 749, 750 
superluminal source population, see also rel- 
ativistic beaming, 759-763 
plot of /3 app = U a pp/c against luminosity L, 
759-761 
92% probability limits for, 761 
aspect curves for, 760-761 
selection effects and, 759, 760 
properties of, 761 

maximum intrinsic luminosity, 761 
maximum Lorentz factor, 761 
supermassive stars, 695 
supernova light curve 

radioactive origin of, 317 
supernova rate in our Galaxy, 604 
supernova remnants, 414, 430-431 
as X-ray sources, 431 

acceleration of the high energy particles and 
the generation of strong magnetic fields 
in, 609 
acceleration of the high energy particles in, 

610 
adiabatic loss problem, 607-61 1 
adiabatic losses and decrease in radio lu- 
minosity of, 608 
adiabatic losses for relativistic gas, 607 
evolution of, 604-607 
filled-centre, or Crab-like, 594 



940 



INDEX 



y-ray properties of, 594 

generation of strong magnetic fields in, 609- 

610 
local energy density of high energy parti- 
cles due to, 604 
radio properties of, 594-596 

synchrotron radiation and, 595-596 
Sedov expansion phase of, 605-607, 626 
shell-like, 594, 604 

adiabatic expansion of, 604, 605 
contact discontinuity in, 605, 606, 609, 

610 
four stages of evolution of, 604-607 
intense X-ray emission from, 606, 607 
late cooling by optical emission, 607 
reheating by reverse shock in, 607 
reverse shock in, 605, 606, 610 
snowplough phase of, 607 
strong shocks in, 595 
supersonic expansion of, 606 
undecelerated expansion phase, 604 
X-ray emission of, 595 
sources of high energy electrons, 603-604 
sources of high energy particles, 594-599 
y-ray observations of shell-like, 597-599 
radio observations of shell-like, 595-596 
supersonically expanding spheres of hot gas, 
610 
supernova SN 1987 A, 425-430 

44 Ti energy source for light curve, 317, 429 
56 Co y-ray emission lines from, 317, 427, 

428 
57 Co energy source for light curve, 429 
[Coll] and [Nill] infrared emission lines 

from, 427, 428 
collision of envelope with mass-loss ring, 
429, 430 
observed at optical, X-ray and radio wave- 
lengths, 430 
distance estimate from [OIII] ring, 430 
dust formation in, 429 
light curve of, 425-427, 429 
limits to neutrino mass, 427 
neutrino luminosity of, 427 
neutrinos from, 307 
progenitor of, 425, 426 
rings of [OIII] about, 429 
stellar mass-loss prior to, 426, 429, 430 
Type IIP, 425 
supernova units (SNu), 417 
supernovae, 84, 414-431 



as sources of high energy particles, 431 
classification of, 415 
core-collapse, 419-422 

bounce mechanism for, 422 

formation of neutron stars and black holes 

and, 419-422 
inhomogeneous expulsion of outer lay- 
ers, 422 
kinetic energy release, 421 
neutrinos from, 427 
historical, 414-416 
kinetic energy of ejected material, 430 
light curves, 416 
rates of occurrence, 417 
Type la, 416-419, 508 
Type II, 509 
Types I and II, 415 

differences between, 415 
typology, 414-416 
supersonic motion, see shock waves 
supersonic piston, 348-349, 606 

location of shock front relative to, 349 
supernovae and the, 349, 606 
Suzuka X-ray satellite, 692 
Sweet-Parker mechanism of magnetic recon- 
nection, 355-358 
dissipation rate of, 356, 357 
effects of gas pressure, 356 
energy released in, 358 
SWIFT satellite, 458, 769, 773, 775, 777, 779 
SWIRE Legacy sample, 809 
symbiotic stars, 419, 502 
synchro-Compton radiation, see also synchrotron 

self Compton radiation 
synchro-Compton radiation and the inverse Comp- 
ton catastrophe, 288-290, 590, 745, 763- 
764 
from time variability of source components, 
763, 765 
relativistic beaming and, 763-765 
maximum brightness temperatures in com- 
pact sources, 763 
plot of maximum brightness temperature 

against apparent velocity /3 max , 763, 764 
relativistic beaming and, 763 
synchrotron radiation, 2 1 3-249, 411, 448, 534, 
777, 782 
as the relativistic limit of cyclotron radia- 
tion, 217 
asymptotic expression for emissivity at high 
and low frequencies, 23 1 
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critical angular frequency for, 229, 230 
critical frequency for, 222, 232-234, 240, 

245 
high frequency limit, 23 1-233 
loss-time for, 733 
map of Galactic, 19 
minimum energy requirements for, 585, 599- 

603 
polarisation of, 235-239 
circular, 239 
fractional, for power-law electron energy 

spectrum, 238-239 
spectra of orthogonal polarisations I ± and 

/||, 236 
system of coordinates for, 225 
total energy in polarisations I ± and /y, 
237 
radio emission of the Galaxy and, 246-249 
relation between spectral index a and spec- 
tral index of electron spectrum p, 234 
self-absorption of, 239-244 

absorption coefficient for, 242-244 
physical arguments, 239-241 
spectral emissivity of 

in orthogonal polarisations, 229 
maximum of, 230, 600 
total, 229 
spectrum of a power law distribution of elec- 
tron energies, 233-235 
emissivity per unit volume, 235 
full analysis, 234 
physical arguments, 234 
spectrum of, detailed analysis, 223-233 
algebra of, 225-229 

of radiation of an arbitrarily moving elec- 
tron, 223-224 
results of, 229-233 
system of coordinates for, 224—225 
spectrum of, physical arguments, 219-222 
spontaneous transition probability for, 242 
total energy loss rate, 213-215, 231 
useful numerical results, 244-246 

absorption coefficient Xv f° r a random 

magnetic field, 246 
critical frequency v c , 245 
emission spectrum of a single electron, 

245 
radiation spectrum of a power-law elec- 
tron energy distribution, 245 
total energy loss rate, 244 



synchrotron radiation as the scattering of vir- 
tual photons, 265 
synchrotron radiation facilities, 230 
synchrotron self-absorption, 239-244, 288, 289 
absorption coefficient for, 242-244 

for a randomly oriented magnetic field, 

243 
two-level system for, 242 
evidence for presence of relativistic elec- 
trons, 241 
evidence for relativistic electron in com- 
pact radio sources, 289 
flat radio spectra as superposition of such 

sources, 747 
physical arguments, 239-241 
polarisation of synchrotron self-absorbed source, 

244 
spectral evolution of expanding sphere, 746 
spectrum of radio source exhibiting, 241 
synchrotron-self Compton radiation, 286-29 1 
models of sources of, 290-29 1 
homogeneous, 291 
inhomogeneous, 291 
synchro-Compton catastrophe, 288-290 
Systeme International d' Unites (SI units), 854- 
855 

TAMA gravitational wave experiment, 36 
tearing mode instabilities, 359 
technetium Tc, 73 
telluric absorption, 10 
temperature-frequency relation for black-body 

radiation, 6 
term diagram for doubly ionised oxygen OIII, 

373, 374 
The physics of solar flares (Tandberg-Hanssen 

and Emslie), 353 
Theoretical Concepts in Physics (Longair), ii, 

175, 469, 606, 689, 852, 857 
thermal bremsstrahlung, see bremsstrahlung, 
thermal, 370-371,519 
absorption in plane of Galaxy, 371 
absorption, at radio wavelengths, 371 
at soft X-ray energies from hot component 

of interstellar gas, 371 
at X-ray energies from intracluster gas, 371 

and FeXXV emission lines, 371 
at X-ray energies from supernova remnants 
and FeXXV emission lines, 371 
thermal energy per unit mass, 47 
thermal instabilities, 392-393 
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thermal paradox for stars, 48 
thermal time-scale for stars, 48 
thermalisation time of particles in a plasma, 

331-332 
thermonuclear runaway, 516, 522, 525 

stabilisation at about 10 8 K, 522 
thick accretion discs, 504-505, 742 

funnels along polar directions, 504, 505 

Newtonian rotationally supported vorticity- 
free torus, 504, 505 

stability of, 504 
thin accretion discs, 491-504, 718, 719 

about black holes, 499-500 

inner boundary condition, 499, 500 

conditions for, 492^193 

continuum spectra of, 518 

detailed models of, 501-504 

Doppler tomography of, 517, 519 

emission spectra of, 500-501 

in black body approximation, 500 

emission spectrum of, 501, 503 
in optically thin region, 504 

energy equation for, 719 

formation of hot spot, 511,517,518 

instabilities in, 521 

opacity of material of, 502 

role of viscosity - the a parameter, 493- 
496 

structure of thin discs, 496-499 

temperature at inner edge of, 685 

temperature distribution in, 500-501 

thermal emission of, 700 

transition from dominance of gas pressure 
to radiation pressure, 502, 503 

X-ray halo about, 685 

X-ray reflection spectrum of, 686, 687 
Third Reference Catalogue of Bright Galax- 
ies (de Vaucouleurs et al), 95 
Thomson and Compton scattering, 255-261 
Thomson cross-section, 52, 252, 486 
Thomson scattering, 52, 54, 255-259, 486, 
659 

degree of polarisation of, 258 

derivation of formulae for, 255-259 

differential cross-section for, 257, 266, 275 

Eddington limiting luminosity and, 452 

for 100% polarised emission, 257 

geometry of, 256 

mean free path for, 258 

optical depth for, 258, 269, 278, 279, 282 

polarisation of, 258 



properties of, 257-259 
total scattering cross-section for, 257 
Thomson scattering cross-section cx T , 170, 215 
3C 273, 21, 26, 28, 491, 641, 642, 698, 699, 
747, 748 
B aimer series of hydrogen and, 642 
optical luminosity of, 642 
optical variability of, 642 
3CR radio galaxies, 716, 717, 789, 818 
alignment effect and, 715, 717 
photoionisation models for, 717 
shock models for, 717 
early formation of bulk of stellar popula- 
tion, 819 
stellar masses of large redshift, 818 
3CR radio sources, 789, 791 
3CRR catalogue of radio sources, 661, 664 
quasars, 684 
radio galaxies, 684 
threshold detectors, 291 
tidal radius of cluster of galaxies, 1 14 
tidal radius of galaxies, 133, 135 
time dilation formula 

in general relativity, 47 1 
time to reach a given signal-to-noise ratio, 85 1 
tokamaks, 354 
torque, magnetic, 513, 515 
torque, viscous, 494, 496, 513 
total depth of the atmosphere in kg m" 2 , 193 
transfer equation for radiation, 186, 188, 244 
in terms of Einstein coefficients for spon- 
taneous and induced emission, 274 
in terms of occupation numbers, 273, 274 
Transition Region and Coronal Explorer (TRACE) 

spacecraft of NASA, 339 
transmission function G(z) of one-dimensional 
aperture, 838 
Fourier transform of, 839 
Gaussian, 844 
transmission function T v of astronomical fil- 
ters, 834, 835 
transparency of the atmosphere as a function 
of wavelength, 5, 6 
in the infrared and submillimetre wavebands, 

10, 15 
windows in the submillimetre waveband, 
15 
tree-ring dating, 325 
Trinity atomic bomb test, 606 
triple-a process, 71 
Tully-Fisher relation for spiral galaxies, 96 
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and the distances of galaxies, 96 

infrared, 96 
turbulence 

magnetohydrodynamic, 496 
21 -cm line emission and absorption, 363-365 

absorption coefficient for, 364-365 

column density of neutral hydrogen from, 
364 

emissivity of, 364 

kinematics of gas in galaxies from, 364 

spin temperature for, 365 

spontaneous transition probability of, 363 
2dF galaxy redshift survey, 644, 782 
2dF quasar redshift survey, 644, 646, 647, 

792, 793 
Two Micron All Sky Survey (2MASS), 13 
2MRS catalogue, 580 
two-colour diagram for stars, 837 
Type la supernovae, 416-419, 521-522 

as standard candles, 417 

evolution of colours of, 418 

formation of 56 Ni, 418 

light curves 

radioactive decay of 56 Co, 418 

light curves of, 416 

luminosity- width relation, 416, 417 

most luminous supernovae, 417 

rates of occurrence, 417 

redshift-distance relation and, 417 

thermonuclear explosions and, 415, 417, 
418 

UHURU X-ray Observatory, 25, 26, 450, 529, 

656, 794 
UK Infrared Telescope, 716 
UK Schmidt Telescope, 644 
ultra-high energy y-ray telescopes, 300 
ultra-high energy y-rays 

detection of, 299-302 
Ultra-Luminous Infrared Galaxies (ULIRGs), 
654-656,811 

feeding black holes in, 655, 656 

host galaxies of, 654-655 

properties of, 654-656 

starbursts and, 655 

strongly interacting galaxies and, 655 
ultraviolet waveband, 23-24 

extreme ultraviolet (EUV), 23 

observations of resonance lines of common 
elements, 23 
Ulysses mission of the European Space Agency 
and NASA, 343, 344 



unification schemes for active galaxies, 658- 
665 
BL-Lac objects and FR1 radio galaxies, 663- 

664 
ionisation cones and, 660 
obscuring torus and, 658 
polarisation studies of Seyfert 1 and Seyfert 

2 galaxies and, 658-660 
projection effects and, 658-663 
radio quasars and radio galaxies, 659-665, 
684, 725 
depolarisation asymmetries and the Laing- 

Garrington effect, 662 
one-sided radio jets and, 662 
polarised optical emission from, 663 
relativistic beaming and, 662 
sizes of radio structures of radio quasars 

and radio galaxies, 663 
superluminal motions and, 662 
radio-loud and radio-quiet quasars, 665 

different host galaxies for, 665 
relativistic beaming and, 658 
relativistic beaming of radio cores and, 664 
Seyfert 1 and Seyfert 2 galaxies, 659, 688 
Seyfert galaxies and ionising photon count- 
ing, 660 
similarity of X-ray properties of Seyfert 1 
and 2 galaxies at hard X-ray energies, 
660 
X-ray absorption properties of Seyfert galax- 
ies and, 660 
unstable stars, 82 

V/V max or luminosity-volume test, 786-787 

banded, 787 

for radio quiet quasars, 792 

space distribution of galaxies, quasars ac- 
tive galaxies, 786-787 
variance, 849 

of sum of two quantities, 849 

total, as the sum of variances, 850 
vector potential A, 174, 176, 200, 232 
Vela satellites, 28 
velocity cone, 236, 239 
velocity dispersion in galaxies 

triaxial, 671 
velocity ellipsoid, 67 1 

anisotropy of, 672 
velocity four-vector U, 689, 857 
velocity of Solar System through the Cosmic 
Microwave Background Radiation, 16 
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velocity-distance relation for galaxies, 830 
vernal equinox, 825 

Very Large Array (VLA), 23, 136, 569, 595, 
596, 609, 664, 716, 723, 724, 726, 727, 
739, 757, 848 
Very Long Baseline Array (VLBA), 675, 737, 

742, 747, 760, 765 
Very Long Baseline Interferometry (VLBI), 
23, 241, 289, 651, 653, 681, 725, 726, 
737, 739, 745-748, 757, 764, 776 
vicinity of the black hole, 697-722 

accretion discs about supermassive black 

holes, 718-722 
alignment effect and shock excitation of emis- 
sion line regions, 715-718 
broad-line regions and reverberation map- 
ping, 707-715 
physical properties of the broad-line re- 
gions, 707-709 
reverberation mapping, 709-715 
continuum spectrum, 697-700 
emission line regions - the overall picture, 

701-702 
narrow-line regions - the example of Cygnus 

A, 702-707 
prime ingredients of active galactic nuclei, 
697 
fluxes of relativistic material, 697, 698 
non-thermal continuum radiation, 697, 
698 
secondary phenomena 
y-ray emission, 697 
excitation of gas clouds, 697, 698 
extended radio sources, 697 
violent interstellar medium, 392 
supernova explosions and, 392 
VIRGO gravitational wave experiment, 36 
virial theorem, 113, 437 

for galaxies and clusters, 99-101 

problems of application to observed sys- 
tems, 100, 101 
for stars, 46-48, 98 
galaxies and clusters, 832 
viscosity, 494, 495, 502, 719 

dynamic or shear 77, 493, 495, 496, 498 
effective, in shock fronts, 627 
kinematic v, 485, 494, 720 
turbulent, 495, 496, 501, 504, 511 
viscosity parameter a, 501, 504, 521, 722 
VLT Antu telescope, ISAAC infrared camera 
of, 397 



VLT Kueyen Telescope, FORS2 instrument 

of, 398, 399 
voids in the distribution of galaxies, 800 
Voyager missions of NASA, 344 

W UMa-type binaries, 506 

wave impedance Z , 852 

wavebands used in ground-based astronomy, 

835 
wavefront errors, 843, 844 
white dwarfs, 41, 43, 76, 83, 84, 340, 413, 
438-439, 483, 644 

carbon-oxygen, 417, 418 

cooling curves for, 439 

cooling times for, 439 

diffusion time for magnetic field from, 341, 
342 

Hertzsprung-Russell diagram for, 439 

magnetic flux density of, 341 

ultimate fate of, 439 

with carbon-oxygen cores, 438 
white dwarfs, neutron stars and the Chandrasekhar 

limit, 431-438 
Wien distribution, 271 

average energy of photons of, 27 1 
Wien's displacement law, 5 
Wien's law, 280 
Wilkinson Microwave Anisotropy Probe (WMAP), 

17 
WIMPs 

astrophysical limits to the masses of, 139 

candidates for, 138 

laboratory detection of, 140 

laboratory limits to the masses of, 140 

suppression mechanisms for, 140 
Wolf-Rayet stars, 78-81, 316, 508, 509, 563, 
780 

mass loss rates of, 80 

WC and WN types, 80 
W ± and Z° bosons, 140 

X mass fraction of hydrogen, 77 
X-ray absorption, 370 

X-ray absorption coefficient of interstellar mat- 
ter, 252, 254 

column depth for, 254 

optical depth and, 254 
X-ray atomic energy levels, 253 
X-ray background at soft X-ray energies, 26, 

27 
X-ray background emission, 657-658 

at hard X-ray energies 
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nature of sources contributing to, 657, 
796 
at soft X-ray energies 

nature of sources contributing to, 794 
contributions of different classes of source 

to, 797 
spectrum of, 794 
X-ray binary systems, 450-454, 479, 502, 509, 
522-537 
accretion in, 452 
estimate of mass of neutron stars in, 452- 

454 
estimate of masses of neutron stars and black 

holes in, 453 
high-mass X-ray binaries, 452, 529-531 
late or early B type companion stars, 
452 
low-mass X-ray binaries, 452, 522-529 
Galactic Bulge sources, 522 
in globular clusters, 452, 522 
luminosities of, 452 
soft X-ray transients, 452 
symbiotic X-ray binaries, 452 
typical temperature of, 450 
X-ray bursters, 452 
X-ray pulsars, 452 
X-ray emission from supernova shock fronts 

synchrotron radiation and, 628 
X-ray emission of intracluster gas, 109 
X-ray nova, 531 
X-ray pulsars, 25, 479 
X-ray source spectra and solutions of the Kom- 

paneets equation, 278-282 
X-ray sources 
binary pulsating 

as rotating magnetised neutron stars, 488 
Comptonisation and, 657, 658, 797, 798 
evolution of luminosity function of, with 
cosmic epoch, 796 
similarity to that of optically selected quasars, 
657 
extragalactic, 656 

correlation between X-ray and optical lu- 
minosities, 656 
counts of, 657 
populations at soft and hard X-ray ener- 
gies, 657, 794, 796 
radio-loud quasars 

correlation between X-ray and optical lu- 
minosities, 657 
strongly absorbed, 657, 797 



template spectra for strongly absorbed sources, 
658, 797 
X-ray surveys of active galaxies, 656-658 
X-ray waveband, 25-27 
detectors for, 25 
observing in, 25 
sky in, 25-27 
XMM-Newton X-ray Observatory, 27, 119- 
121, 123, 219, 282, 421, 461, 692, 781, 
794 
EPIC instrument of, 687 

Y mass fraction of helium, 77 

year 2000.0 coordinate system, 825, 826 

YEPUN 8.2-m telescope of the ESO Very Large 

Telescope, 680 
Yerkes classification scheme for galaxies, 641 
Yerkes spectral classification system, 42 
young FR2 radio sources, 737-738 

compact steep spectrum sources (CSS), 737 
compact symmetric objects (CSO), 737, 738 
ballistic models for, 738 
early evolution of FR2 sources and, 738 
gigahertz-peaked spectrum sources (GPS), 
737 

Z mass fraction of 'metals', 77 
Zeeman splitting 

of 21 -cm line radiation, 410 

circularly polarised components of, 410 

of OH absorption lines, 410, 41 1 
zenith equidistant projection, 7, 827, 828 



